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1
Introduction

L I E TA I YA N G, Department of Earth, Material and Planetary 
Sciences, Southwest Research Institute, San Antonio, Texas, USA

1.1 Defi nition of corrosion

Corrosion is the deterioration process of a material due to reactions with 
its surroundings. As defi ned in the Random House Unabridged Dictionary: 
‘Corrosion is the act or process of eating or wearing away gradually as if 
by gnawing, especially by a chemical action.’ The materials that are subject 
to corrosion include metals, ceramics, polymers, and even our own teeth. 
To most corrosion engineers, however, corrosion refers to the oxidation of 
metals by chemical and/or electrochemical processes. The most common 
example of metal corrosion relates to its reaction with oxygen or water. 
Rusting of steel due to exposure to water or humid air is a well-known 
example of electrochemical corrosion. In this process, the metal reacts with 
water or oxygen and forms iron oxides, eventually causing damage to the 
steel. The following sections describe the importance of corrosion monitor-
ing and the scope of this book.

1.2 Corrosion cost

Corrosion is a costly worldwide problem. According to a recent systematic 
study commissioned by the United States Federal Highway Administration 
(FHWA), the annual direct cost of corrosion in the United States was $276 
billion in 1998, or 3.1% of the gross domestic product (GDP).1 Corrosion 
cost studies were also conducted in other countries, such as the United 
Kingdom, Japan, Australia and Kuwait. Even though the level of effort 
varies greatly among these studies, all of them estimated the total annual 
cost of corrosion as ranging between 1% and 5% of each country’s gross 
national product (GNP).1

In addition to the huge cost in economic terms, corrosion is also blamed 
for many of the disasters that cause loss of life and devastating pollution to 
the environment. For instance, in April 1992, in Mexico, the Guadalajara 
Sewer Explosion took the lives of 215 people and caused injury to another 
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1500 people. The fi nancial loss was estimated at $75 million. The accident 
was traced to the corrosion of a gas line that caused a leak of the gas into 
a nearby sewage main.2 Another example involved the sinking of a tanker, 
Erika, off the coast of Brittany in France, on 12 December 1999. In this 
accident, approximately 19 000 tons of heavy oil was spilled, equal to the 
total amount of oil spilled worldwide in 1998. Corrosion caused the sinking 
of the Erika.2

Because corrosion takes place in many different forms, some of them 
cannot be eliminated, but others are avoidable by simply applying appropri-
ate corrosion prevention/mitigation technologies. In the report commis-
sioned by the FHWA, it was estimated that 25% to 30% of the annual 
corrosion costs in the United States could be eliminated, if optimum cor-
rosion management practices were employed.3 Other studies estimated that 
from 10% to 40% of the total corrosion cost could be avoided.3 Knowing 
this, it seems prudent for worldwide industries to use appropriate corrosion 
prevention and control methods; taking such pre-emptive measures will not 
only avert huge economic losses (potentially close to one hundred billion 
dollars annually in the US alone), but also protect the environment and 
public safety.

1.3 Corrosion monitoring and its importance 

in corrosion prevention and control

Corrosion monitoring is the practice of acquiring information on the prog-
ress of corrosion-induced damage to a material or on the corrosivity of the 
environment surrounding the material. Corrosion inspection is usually a 
survey of the material condition at any given time, while corrosion monitor-
ing consists of a series of surveys in a given time period. While test coupons 
are one of the most widely used and most reliable methods, corrosion 
monitoring usually relies on the use of electronic corrosion sensors or 
probes that are exposed to an environment of interest, such as outdoor air 
or seawater, or inserted into the inner space of a containment system, such 
as a vessel or a pipe in which a liquid or a gas fl ows or is contained. On a 
continuous or semi-continuous basis, the electronic corrosion sensors or 
probes emit information relating to the corrosion of a metal system.

The study commissioned by the FHWA further pointed out three preven-
tive strategies in technical areas, to lessen or avoid unnecessary corrosion 
costs and to protect public safety and the environment. They are:

• advance design practices for better corrosion management;
• advance life prediction and performance assessment methods; and
• advance corrosion technology through research, development and 

implementation.
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These strategies are inter-related. For example, advance design requires 
better life prediction and performance assessment methods, and better 
prediction and performance assessment methods require advancement in 
corrosion technology.

Corrosion monitoring is part of corrosion technology. In today’s elec-
tronic age, many of the industrial process parameters – such as temperature, 
pH and fl ow – are controlled by automated feedback controllers. Only after 
the introduction of these controllers and the associated reliable sensors for 
these parameters was it possible to precisely manage them and to either 
improve the product quality or to produce original products. Unfortu-
nately, the control of corrosion in many industries is still in its ‘stone age’ 
stage. According to the FHWA study, the annual use of corrosion inhibitors 
in the United States came to over a billion dollars; the annual cost may be 
over $4 billion worldwide, if the usage of inhibitors is assumed to be pro-
portional to the GDP in each country. It is rather alarming to realize that 
nearly all of these inhibitors were added into the controlled systems based 
on parameters that are not the direct measures of corrosion (indirect 
parameters) or based on historical results acquired from the test coupons 
that were exposed in the controlled systems several months earlier. Exam-
ples of the indirect parameters include the concentration of the inhibitors 
and the concentration of dissolved oxygen in the controlled systems. 
Because of the complexity of corrosion, some concentrations of corrosion 
inhibitor that are shown to be effective under certain conditions may not 
be effective under others. In addition, the concentration of the inhibitor 
sampled from the bulk phase may not represent the actual concentration 
on the metal surface where corrosion takes place.

With the advancement of corrosion monitoring techniques, corrosion 
sensors may be used in the feedback controllers – as in the control systems 
for pH, temperature and other process parameters – to automatically 
control the addition of corrosion inhibitors. When such a system is imple-
mented, it will not only provide an adequate control of corrosion – which 
means a better performance and a longer life for the equipment – but it 
will also create tremendous savings in the inhibitor costs by avoiding over-
dosing. This, in turn, produces a signifi cant risk reduction for our environ-
ment, because many corrosion inhibitors are toxic.

Corrosion monitoring also provides performance data and a basis for life 
prediction; corrosion monitoring is one of the most important components 
in corrosion prevention and corrosion control.

1.4 Organization of the book

This book is organized into 28 chapters. Chapter 2 presents an overview of 
corrosion fundamentals and evaluation techniques. It includes detailed 
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discussions on the different forms of corrosion and their electrochemical 
characteristics.

Chapter 2 is followed by in-depth discussions on the various methods 
that can be used for corrosion monitoring (i.e., to measure the corrosion 
damage to metals or the corrosivity of a surrounding environment with an 
adequate response time so that the measurements can be made at desired 
time intervals). The response time is relative to the purpose of monitoring. 
For example, if a corrosion monitor is interfaced with a corrosion inhibitor 
dosing-controller and the dosing-controller completes the addition of an 
inhibitor to a system in a few minutes, the response time of the corrosion 
monitor should be less than one minute. However, if the purpose is to 
monitor the long term corrosion damage to a metallic structure in the air 
near a pollution source, one month may be considered a suffi cient response 
time.

Chapters 3 through 8 discuss the electrochemical techniques for corro-
sion monitoring. These techniques include electrochemical polarization 
techniques (Chapter 3), electrochemical noise methods and harmonic anal-
yses (Chapter 4), zero resistance ammetry and galvanic sensors (Chapter 
5), differential fl ow through cell technique (Chapter 6), potentiometric 
methods for measuring localized corrosion (Chapter 7) and multielectrode 
systems (Chapter 8).

Chapters 9 through 14 describe the gravimetric, electrical, and other 
physical or chemical methods. These methods include gravimetric tech-
niques (Chapter 9), radioactivity methods (Chapter 10), electrical resis-
tance techniques (Chapter 11), nondestructive evaluation methods for 
corrosion monitoring (Chapter 12), hydrogen permeation methods (Chapter 
13) and rotating cage and jet impingement techniques (Chapter 14).

Although some of the methods discussed above in Chapter 12 are primar-
ily used as corrosion inspection tools, they are included in this book because 
the technology serves as a basis for nondestructive monitoring systems 
when used with fi xed sensors, advanced data acquisition, and remote com-
munication technologies to provide integrity status from metallic systems 
at regular time intervals. As advancements in these technologies continue, 
these inspection tools will most likely be used more and more as monitoring 
tools.

Corrosion is an extremely complicated process involving at least two 
phases, solid and liquid; solid and gas; solid, liquid and gas; or even solid, 
fi rst liquid and second liquid. Corrosion monitoring is a multidisciplinary 
task. Very often, two or more methods are needed to adequately address 
the monitoring needs in a given system. In addition, different systems 
require different methods or a combination of different methods. Chapters 
15 through 19 provide detailed discussions regarding the specifi c monitor-
ing needs in selected environments, or under particular conditions. The 
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topics discussed in these chapters include corrosion monitoring in microbial 
environments (Chapter 15), corrosion monitoring in concrete (Chapter 16), 
corrosion monitoring in soil (Chapter 17), corrosion monitoring under coat-
ings (Chapter 18), and corrosion monitoring under cathodic protection 
conditions (Chapter 19).

Data management is a vital, integral part of corrosion monitoring, and 
the prediction of system performance based on a fi nite number of available 
data is a vital component of an integrated system health management 
program. Chapters 20 and 21 provide detailed discussions on remote moni-
toring, and an in-depth discussion on model predictions, respectively.

Finally, Chapters 22 through 28 present applications of corrosion moni-
toring techniques in specifi c systems and case studies. These chapters 
provide readers with quick answers, when they have a need in a particular 
area or for a specifi c method. The topics in these chapters include corrosion 
monitoring in engine exhaust systems (Chapter 22), corrosion monitoring 
in cooling water systems, using a differential fl ow through cell (Chapter 23), 
corrosion monitoring in the pulp and paper industries (Chapter 24), corro-
sion monitoring in chemical plants using an electrochemical noise method 
(Chapter 25), corrosion monitoring under cathodic protection conditions 
using multielectrode sensor techniques (Chapter 26), measuring corrosion 
beneath organic coatings using wire beam electrodes (Chapter 27) and cor-
rosion monitoring in piplines using the fi eld signature method (FSM) 
(Chapter 28).

This suite of in depth overviews, systematic technique descriptions, and case 
studies provides a state-of-the-art coverage for corrosion monitoring. 
Researchers, engineers/operators and students alike should fi nd this book 
to be an invaluable resource in meeting their corrosion monitoring needs 
or advancing research related to corrosion monitoring.
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2.1 Introduction

Corrosion is defi ned as the chemical or electrochemical reaction between 
a material, usually a metal or alloy, and its environment that produces a 
deterioration of the material and its properties. According to the charac-
teristics of the environment, corrosion processes are classifi ed as chemical 
or electrochemical.

Chemical corrosion processes are those in which the metal reacts with a 
non-electrolyte (e.g., oxidation in high temperature air, dissolution in liquid 
metals or dissolution in a carbon tetrachloride solution containing iodine). 
Electrochemical corrosion processes are those in which the metal dissolves 
in an electrolyte forming metal cations which implies the transfer of electric 
charge across the metal/environment interface. Electrochemical corrosion 
occurs in the large variety of electrolytes found in natural environments 
and industrial applications ranging from groundwater to molten salts 
and acids dissolved in organic polar solvents (e.g., hydrochloric acid in 
methanol).

For practical reasons corrosion in different natural environments, such as 
corrosion in soils, atmospheric corrosion, fresh water corrosion, sea 
water corrosion, etc., are usually considered separately as is also the case 
for corrosion in different industries (i.e., chemical processing, oil and gas 
production, power generation, etc.) (Cramer and Covino, 2006). However, 
besides the specifi city of the environments and the materials involved, these 
corrosion processes have fundamental aspects in common related to the 
thermodynamics and kinetics of the electrochemical reactions at the metal/
electrolyte solution interface and the transport of chemical species in a 
liquid phase to and from the metallic surface (Bard and Faulkner, 1980). 
Several recently published books and handbooks are useful sources for 
general information on corrosion and its electrochemical basis (Cramer and 
Covino, 2003; Revie, 2000; Shreir et al., 1994; Marcus, 2002). The electro-
chemical techniques commonly used in corrosion studies are well presented 
in Kelly et al. (2003) and corrosion tests and standards for materials in a 
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variety of environments and industrial applications are covered in detail in 
Baboian (2005).

According to the morphology of corrosive attack, different modes of 
corrosion can be identifi ed through visual observation, requiring in many 
cases suffi ciently enlarged magnifi cation by the use of optical or electronic 
microscopes. The different modes of corrosion will be presented in the fol-
lowing sections and the most common techniques used to study and char-
acterize corroded metal surfaces and corrosion products will be briefl y 
introduced.

2.2 General corrosion

General corrosion is the most common and benign form of corrosion 
because it is characterized by a corrosive attack that extends almost uni-
formly over the whole exposed surface or at least over a large area. Even 
though the term uniform corrosion is commonly used synonymously with 
general corrosion, this form of corrosion is seldom completely uniform and 
the morphology of the corroded surface always exhibits some sort of wavi-
ness and roughness. Nevertheless, the average penetration of the attack is 
practically the same at each point of the corroded surface. Any corrosion 
process involves at least one anodic (oxidation) reaction and one cathodic 
(reduction) reaction.

Because charge accumulation cannot occur, the electrons generated by 
the oxidation reactions must be consumed by the cathodic reactions and, 
therefore, the total anodic current should be equal to the total cathodic 
current with the electrical potential at an anodic site equal to that at a 
cathodic site. This fundamental concept of coupled anodic and cathodic 
processes was proposed by Wagner and Traud (1938). The hypothesis leads 
to the defi nition of the corrosion potential as a mixed potential because the 
anodic reaction is the dissolution of the metal coupled to the cathodic reac-
tion which could be the reduction of dissolved oxygen molecules, hydrogen 
ions or any other reducible species in solution (e.g., Fe3+ ions), instead of 
the reduction of the dissolved metal cations. From an electrochemical point 
of view, the main characteristic of general corrosion is the fact that metal 
dissolution takes place without physical separation, even at the microscopic 
scale, of anodic and cathodic sites.

General corrosion causes by far the largest amount of material losses as 
a result of corrosion, mostly due to atmospheric corrosion. Leaving aside 
the costs involved, general corrosion is not of great concern because the 
corrosion rate and, hence, the expected life of equipment or structures can 
be accurately estimated by means of relatively simple corrosion tests. The 
most critical aspect of testing is, however, the correct defi nition of 
the environment in which the component will operate and its unexpected 
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variations during operation. Such tests can be immersion tests, in which 
gravimetric methods are used for measuring the weight loss of a material 
specimen during a specifi c testing time to calculate the corrosion rate 
(ASTM, 2006a).

Alternatively, electrochemical tests can be used to determine the corro-
sion rate (CR), expressed as rate of uniform penetration for metals and 
alloys, from the measured current density by using Faraday laws, according 
to Equation [2.1]:

CR = i Ew/F r [2.1]

where i is the current density, Ew is the equivalent weight, F is the Faraday 
constant, equal to 96 485 C/g-equivalent, and ρ is the density of the metal. 
Ew can be computed using the following expression

E z f Aj j jw = ∑1/ ( / )  [2.1a]

where zj is the oxidation state of the element j in the alloy, fj is its weight 
fraction, and Aj is its atomic weight.

In order to calculate the corrosion rate in mm/yr, Equation [2.1] can be 
expressed as

CR = 3.27 × 10−3 i Ew/r [2.2]

with i in µA/cm2, Ew in g, and ρ in g/cm3. The corrosion rate is also com-
monly given in mils per year (mpy) or in units of weight change per unit 
area per unit time (e.g., mg/cm2·s) (ASTM 2006b). Values of Ew for many 
metals and alloys taking into account the various possible oxidation states 
are also provided in the same standard (see Chapter 3).

The advantage of electrochemical methods over gravimetric methods is 
that the instantaneous rather than the average corrosion rate can be mea-
sured. The linear polarization resistance (LPR) method (see Chapter 3) 
and electrochemical impedance spectroscopy (EIS) techniques (Kelly 
et al., 2003; Baboian, 2005) are widely used to obtain real time information 
on corrosion rates. Corrosion rates at potentials differing from the corro-
sion potential can be calculated from current density measurements using 
potentiostatic methods when interferences from cathodic reactions (e.g., 
cathodic current associated with the oxygen reduction reaction due to 
the dissolved oxygen in solutions in equilibrium with air) are carefully 
eliminated.

As noted above, atmospheric corrosion which is the corrosion of materi-
als exposed to air and its pollutants, such as sulfur compounds and NaCl, 
occurs mostly in the form of general corrosion. The corrosion rate is 
extremely dependent on relative humidity and the concentration of pollut-
ants in the air which leads to the distinction of rural, industrial, and sea 
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coastal atmospheres. Prompted by the spectacular development of the 
electronic industry, the fi eld of atmospheric corrosion has been extended 
during the last 30 years to include indoor atmospheres to deal with the 
corrosion problems of electronic devices. Carbon steels, weathering steels, 
stainless steels (SS), Cu, and certain Cu alloys are typical materials subject 
to outdoor atmospheric corrosion in the form of general corrosion as a 
result of their extensive application as structural and architectural materi-
als (Cramer and Covino, 2005; 2006).

The fundamentals of atmospheric corrosion, as well as substantive discus-
sions on outdoor and indoor atmospheric corrosion, are well covered by 
Leygraf and Graedel (2000). These authors distinguish three stages of 
atmospheric corrosion. The initial stage corresponds to the adsorption of 
molecules of water vapor on the oxide/hydroxide-covered metal surface by 
surface hydroxylation followed by the formation of several molecular 
layers. Above 50% relative humidity the number of water monolayers 
increases abruptly from two to more than fi ve. The intermediate stages 
involve the absorption and dissolution of gases (i.e., O2, CO2, SO2, HCl, 
H2S) or salts as particulates (i.e., NaCl, (NH4)2SO4, (NH4)HSO4, (NH4)Cl, 
Na2SO4) in the adsorbed water layers followed by chemical reactions and 
subsequent electrochemical processes of proton and ligand-induced metal 
dissolution with the nucleation of corrosion products. The fi nal stages are 
the coalescence, aging and thickening of corrosion products.

General corrosion is a common occurrence in many industrial applica-
tions. In the chemical processing industries in which more corrosion resis-
tant materials are generally used, the environments include inorganic and 
organic acids, and also a large number of chemical species, over wide ranges 
of concentrations and temperatures. A large body of information is usually 
collected for each chemical (e.g., H2SO4, HNO3, HCl, HF, organic acids, 
etc.) as isocorrosion maps which are temperature vs. concentration plots 
bound by the respective boiling point curve of the chemical defi ning regions 
with different values of the uniform corrosion rate for each alloy of interest 
(Shreir et al., 1994; Cramer and Covino, 2005; 2006). Well established moni-
toring techniques are commonly used in these applications (Labine and 
Moran, 1986; Roberge and Klassen, 2003).

2.3 Passivity and localized corrosion

A metal surface is considered passive when, although it is exposed to an 
environment under conditions such that dissolution of the metal could 
be expected from thermodynamic considerations, it remains essentially 
unchanged with time. The phenomenon of passivity and the breakdown of 
passivity can be illustrated by considering the schematic anodic polarization 
curve of metals in an aqueous environment obtained under deaerated 
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conditions, as shown in Fig. 2.1, in which the cathodic reaction is assumed 
to be the reduction of hydrogen ions.

If the potential is increased in the positive direction from the corrosion 
potential, Ecorr, the current will increase initially following a linear relation 
between the logarithm of the current and the potential (Tafel region) until 
an approximately constant current is reached due to diffusion limitations 
or formation of a surface layer of corrosion products. The curve from A to 
B (only accessible from Ecorr) is characteristic of the active dissolution of 
the metal. If the potential is increased further the current may remain con-
stant and high (B to B′) or decrease signifi cantly by several orders of mag-
nitude (B to C), due to the formation of a passive layer, usually a very thin 
and protective oxide fi lm. The potential at which this process occurs is 
called passivation potential, Epass, and the current at B passivation current, 
ipass. By increasing the potential to even higher values the thickness of the 
oxide fi lm will increase but the current in the passive range, the passive 
current ip, will remain essentially constant. If the fi lm is a poor electronic 
conductor (e.g., Al, Zr and Ta) very high potentials can be reached, as shown 
by the curve C to D. If the oxide fi lm is a good electronic conductor (e.g., 
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Fe and Ni), a signifi cant current increase will occur at a certain potential 
(E) associated with the electrochemical decomposition of the solvent, which 
in aqueous systems corresponds to the evolution of O2 as a result of water 
oxidation. However, if the oxide fi lm is composed by cations which can be 
oxidized to a higher oxidation state forming soluble products (e.g., Cr, Mo 
or alloys such as stainless steels) a current increase may occur at lower 
anodic potentials (F), accompanied by the dissolution of the metal as a 
result of transpassivity, in some cases followed by a region of secondary 
passivity.

Because most of the metals and alloys of industrial importance corrode 
under passive conditions, the preservation of the passive fi lm in aggressive 
environments is critical to the life of industrial equipment and components. 
Under natural corroding conditions the Ecorr may vary up to values lower 
than E as a result of the presence of reducible species in solution, mainly 
dissolved O2 in naturally aerated systems. Only in specifi c, highly oxidizing 
environments, Ecorr values as high as F can be attained (e.g., SS in concen-
trated HNO3) and transpassive dissolution occurs. In certain applications, 
the passive condition can be obtained by imposing a potential within the 
passive range (C to G) through potentiostatic polarization and anodic pro-
tection is attained.

For many metals and alloys exhibiting a passive behavior, the passive 
fi lm becomes locally unstable above a critical potential in solutions con-
taining halide anions, in particular chloride. In the polarization curve shown 
in Fig. 2.1, a sudden increase in the current is observed above G corre-
sponding to the breakdown of passivity which may lead to various forms 
of localized corrosion. Depending upon the factors involved in the passivity 
breakdown and the morphology of the subsequent attack, localized corro-
sion can be classifi ed as pitting or crevice corrosion if a chemical micro- or 
macro-heterogeneity is developed at the metal/solution interface. If a 
chemical micro-heterogeneity exists in the metal, intergranular attack or 
selective dissolution can occur. Stress corrosion cracking or corrosion 
fatigue can occur at such potential if dynamic mechanical factors are 
involved in the passivity breakdown. From an electrochemical point of 
view, the main characteristic of localized corrosion is the physical separa-
tion of anodic and cathodic areas. Under natural corroding conditions, the 
kinetics of the cathodic reaction on the remaining passive surface, the con-
ductivity of the solution, and the size of the cathodic area are the 
factors limiting the rate of the localized attack.

Although passivity has been attributed to the formation of an adsorbed 
layer of dissociated O2 molecules or to electronic modifi cation of the metal 
surface, nowadays there is a general agreement that passivity is caused by 
the formation of a three-dimensional oxide fi lm. Passivity is initiated 
in certain circumstances by isolated oxide nuclei which grow and spread 
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laterally. Numerous models have been proposed for the growth of passive 
fi lms. Two of the most well known models are those developed by Cabrera 
and Mott (1948–9) and, more recently, the point-defect model (Macdonald, 
1992). Nevertheless, despite signifi cant experimental progress in recent 
years, there is still considerable controversy regarding the nature, composi-
tion, structure and long-term stability of passive fi lms in many alloy/envi-
ronments systems.

2.3.1 Galvanic corrosion

Galvanic corrosion (GC) occurs when two or more metallic materials 
having different reversible electrode potentials are coupled together and 
exposed to a corrosive solution or the atmosphere. Due to the metallic 
contact and the ionic conduction in the electrolyte a current fl ows from 
one metal to the other resulting in GC of the anodic (negative) member 
of the couple. Although in many cases GC is morphologically uniform, 
the most damaging situations occur when it is localized to a limited area. 
A large cathodic area in contact with a small anodic area is particularly 
detrimental in promoting this specifi c form of localized corrosion. In addi-
tion to its treatment in corrosion textbooks, important aspects of GC 
have been reviewed in recent publications by Zhang (2000) and Hack 
(2005).

The following factors determine the extent of corrosion experienced by 
the anodic member of the couple: (a) the Ecorr of the metals forming the 
galvanic couple; (b) the nature and kinetics of the cathodic reactions (e.g., 
O2 and H+ reductions) on the more positive metal and the anodic dissolu-
tion reactions on the more negative metal; (c) geometrical factors such as 
the relative areas and spatial positions of the dissimilar metals; (d) the 
electrolyte solution properties, including concentration of ionic species, pH, 
temperature, and particularly conductivity.

In many circumstances the polarity of galvanic couples is different from 
that expected from the reversible electrode potentials because the corro-
sion potentials are mixed potentials determined by the kinetics of the 
anodic and cathodic reactions in the specifi c environment. In addition, there 
is more than one anodic oxidation reaction that takes place in the case of 
alloys. As a result, a specifi c galvanic series including metals and alloys 
should exist for each environment instead of the overextended, and some-
times erroneous, use of the galvanic series in sea water for other environ-
ments, even though such series can be used with certain confi dence in 
environments similar to sea water.

As illustrated in Fig. 2.2, the following expression provides the relation-
ship between the driving force of the galvanic couple and the galvanic 
current, Ig



 Corrosion fundamentals and characterization techniques 13

(Ec
corr − hc) − (Ea

corr + ha) = IgRs [2.3]

where Ec
corr and Ea

corr are the corrosion potentials, and hc and ha, the polar-
ization of the cathodic and anodic members of the couple, respectively, and 
Rs is the resistance of the electrolyte solution in the galvanic circuit. It 
should be noted that the magnitude of both hc and ha, depends on the 
cathodic and anodic polarization curves and on the value of Rs. If Rs 
decreases, Ig increases until a limiting I*g is reached when Rs tends to zero. 
Obviously, the anodic and polarization curves depend on the kinetics of the 
electrochemical reactions on each metal in the solution, and hence are func-
tions of the solution composition, pH and temperature, as well as on the 
surface conditions of the metals.

When the cathode exhibits strong polarization (large hc) and the anode 
does not, the couple is under cathodic control. On the other hand, the 
couple is under anodic control when the anode displays strong polarization 
(large ha). If the resistance controls the current fl ow, the couple is under 
resistance control but most commonly all these three factors affect Ig and 
hence mixed control prevails.

According to Faraday laws, Ig is directly proportional to the corrosion 
rate of the anode in the galvanic couple. Physical contact between the 
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members of the couple prevents the direct measurement of Ig. However, 
the Ig can be measured using two isolated specimens of the galvanic couple 
exposed to the environment of interest and connected through a zero resis-
tance ammeter (ASTM, 2006c). Other methods to evaluate GC are 
discussed by Hack (2005).

The galvanic action between two metals is governed by the potential 
distribution across each electrode surface from which the galvanic current 
distribution can be calculated. Even though the potential distribution can 
be obtained by experimental methods (e.g., scanning a reference electrode 
over the surface of the metallic couple), in most situations this approach is 
not practical due to the complex confi guration of the system. A semi-quan-
titative approach to characterize the current distribution for a given metal/
electrolyte combination was proposed by Wagner (1951) using a polariza-
tion parameter defi ned as

Wp = σ [dηi/dii ] [2.4]

where σ is the conductivity of the solution, and ηi is the overpotential of 
the cathode or the anode, and ii is the current density and therefore Wp has 
dimensions of length. To scale-up a system, either for modeling or experi-
mental simulations, the ratio of Wp to a characteristic length of the system, 
named the Wagner number, Wn, should be kept constant. Currently, the 
prevailing approach is based on the development of numerical models for 
different galvanic couples and geometries, as summarized by Zhang (2000). 
These models are used to evaluate galvanic corrosion but also to predict 
the effect of cathodic protection using sacrifi cial anodes.

2.3.2 Pitting corrosion

Pitting corrosion (PC) is a form of localized attack morphologically char-
acterized by the development of small cavities usually on openly exposed 
surfaces of a metal. The surface diameter of these cavities is about the same 
or less than the depth in most cases, but different pit shapes can be observed 
depending on the metal or alloy and the environment. Changes in the 
hydrodynamic conditions or different orientations of the metal surface can 
alter signifi cantly the pit morphology. The typical appearance of a pit is 
shown in Fig. 2.3. Under certain conditions the bottom of the pits may 
exhibit crystallographic facets whereas in other cases round electropolished 
bottoms are observed, generally covered with precipitated corrosion 
products.

PC occurs by the action of aggressive anions on metals and alloys exhibit-
ing a passive behavior when exposed to environments ranging from slightly 
acidic to alkaline. Cl− is the anionic species most commonly associated with 
PC, in part due to its wide distribution in natural waters. Other anions such 
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as Br−, I−, SO4
2−, and ClO4

− can also promote PC. Equipment failures due to 
perforation by PC occur without signifi cant weight loss of the entire struc-
ture or component because the rate of dissolution in a pit can be 104 to 106 
times faster than that on the rest of the surface (Galvele, 1978).

There are numerous papers in the literature and recent conferences in 
which phenomenological observations as well as mechanistic interpreta-
tions of PC have been thoroughly discussed (Frankel, 1998; Frankel and 
Newman, 1992; Natishan et al., 1996; Kelly et al., 1999). A revised second 
edition of a book mostly devoted to this subject has been published recently 
(Szklarska-Smialowska, 2005).

It has been demonstrated that stable pit growth only occurs above a 
certain critical potential which depends on the particular metal/anion 
system. The presence of an aggressive anion in the environment is a neces-
sary but not a suffi cient condition for the occurrence of PC, as clearly 
demonstrated by experiments in which the passive fi lm is mechanically 
disrupted by scratching or straining at potentials below the critical potential 
and repassivation occurs. Within such anodic range metastable pits can be 
generated but they do not grow to become stable pits and rapidly die. 
Only at potentials above the critical potential do metastable pits become 
stable. It should be noted, however, that pit generation is a stochastic 
process and therefore a distribution of potentials exist above a minimum 
value that can be considered the ‘true’ pitting potential. This lower potential 
usually coincides with the protection potential or repassivation potential, 
which is the potential at which pit growth is arrested.

2.3 Micrograph showing the appearance of a typical pit of AISI 316L 
stainless steel exposed to a hot chloride solution. Cracks are 
emanating from the pit due to the presence of stress.
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The pitting initiation potential, Epit, is usually measured potentiodynami-
cally by scanning the potential upward from the corrosion potential or 
potentiostatically by stepping the potential until a steady state current is 
attained at each step (ASTM, 2006d). Epit corresponds to an abrupt increase 
in the current density, as illustrated in the schematic anodic polarization 
curve shown in Fig. 2.4. When the potential is scanned or stepped backward 
there is usually an abrupt decrease in the current density corresponding to 
the arrest of the pit growth at the pitting repassivation potential, Erpit, as 
also shown in Fig. 2.4.

Under natural corroding conditions PC occurs when Ecorr is higher than 
the ‘true’ Epit. In many metals and alloys (e.g., Al and its alloys), this occurs 
when the oxidant in the aqueous environment is O2 in equilibrium with air. 
In more corrosion-resistant materials, oxidizing cations such as Fe+3 are 
required to attain suffi ciently high Ecorr. Indeed, Fe3Cl solutions are used in 
a standard test to evaluate the susceptibility of stainless steel and related 
alloys to PC (ASTM, 2006e).
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2.4 Schematic cyclic potentiodynamic anodic polarization curve 
showing the pitting initiation potential, Epit, and the pitting 
repassivation potential, Erpit.
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The Epit depends, in addition to the material composition, heat treatment 
and surface condition, on the solution composition and temperature. For 
many metals and alloys the following relationship exists between the Epit 
and the concentration of aggressive anions (e.g., Cl−, Br−, I−) and inhibiting 
anions (e.g., CO3

2−, B4O7
2−, PO4

3−)

Epit = E0
pit − B log [X−] + C log [A−] [2.5]

where E0
pit, B, and C are constants, which depend on the metal/solution 

system and X− and A− are the aggressive and inhibiting anions respec-
tively. A similar expression exists for Erpit but with different values for 
E0

rpit, B and C.
Some basic aspects of the PC mechanism are well established. Under 

natural corroding conditions, rapid anodic dissolution occurs at a pit nucleus 
while O2 reduction takes place on the adjacent passive surface providing 
the driving force for the anodic reaction. The metal cations react with water 
forming hydroxo-complexes and H+ ions, thereby promoting localized acid-
ifi cation inside the pit. The excess of positive charge is counterbalanced by 
the migration of Cl− ions creating a very aggressive environment which 
stimulates further the local dissolution of the metal in a rather autocatalytic 
fashion. Other reducible species (i.e., Fe3+, Cu2+, and H2O2) can play the 
same role as O2.

The lack of dependence of Epit with pH can be explained because the pH 
inside the pits is strongly acidic, regardless of the bulk pH. In addition PC 
inhibitors which are usually the salt of a weak acid or the OH− anion will 
increase Epit by consuming H+ ions and thereby reducing the localized 
acidifi cation inside the pit, according to the following reaction

H+ + A− → HA [2.6]

Galvele (1976) developed a mechanistic model based on these concepts and 
concluded that Epit can be calculated by using the following equation:

Epit = E*corr + η + Φ + Einh [2.7]

where E*corr is the corrosion potential measured in an acidifi ed pit-like solu-
tion, η is the overpotential necessary to attain the current density required 
to maintain the acidic pH inside the pit (which is characteristic of each 
metal or alloy), Φ is the ohmic drop inside the pit and Einh the increase in 
Epit due to the action of the inhibitor (the last term in Equation 2.5). The 
current density necessary to maintain the pit actively growing multiplied by 
the depth of the pit (i · x) must be higher than a certain value characteristic 
of each metal/solution system and the value of η is calculated by assuming 
Tafel behavior in the pit-like solution. Laycock and Newman (1997) devel-
oped a rather similar expression (without the last term in Equation 2.7) for 
the transition potential between metastable and stable pits by introducing 
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the concept of diffusion-controlled (salt-covered) pit growth. This transi-
tion potential is conceived as a ‘true’ Epit.

2.3.3 Crevice corrosion

Crevice corrosion (CC) is a form of localized corrosion that occurs within 
crevices and other shielded areas where a small volume of a stagnant solu-
tion is present. Such crevices can be formed at metal/metal or metal/non-
metal junctions, such as those associated with gaskets, valve seats, rivet 
and bolt heads and lap joints, as well as under surface deposits (i.e., corro-
sion products, sand and dirt) or marine biofouling. Crevice corrosion is 
mainly observed on passive metals and alloys covered with protective 
oxide fi lms, such as stainless steels, Ti alloys, and Ni-base alloys immersed 
in aerated aqueous environments containing Cl− ions (e.g., sea and brack-
ish water).

The morphology of the attack inside the crevice could vary from pitting 
to a more uniform corrosion. The geometrical dimensions of the crevice 
are critical, particularly the crevice gap, because the gap must be wide 
enough to allow entry of the solution but suffi ciently narrow to maintain 
an occluded environment inside the crevice. In addition, the depth and the 
exterior/interior area ratio are important factors in determining the sever-
ity of the attack. The typical appearance of crevice corrosion is shown in 
Fig. 2.5.

2.5 Micrograph showing an example of crevice corrosion. Attack on 
alloy C-22 under the feet of a crevice former exposed to a hot chloride 
solution.
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There are valuable reviews on CC (Combrade, 2002; Szklarska-
Smialowska, 2005) where experimental observations and fundamental con-
cepts are discussed. The development of alloys more resistant to PC led in 
recent years to place more emphasis in the study of CC. This phenomenon 
occurs when the local environment inside the crevice becomes suffi ciently 
aggressive to induce passivity breakdown, either by the generation of pits 
or a more generalized depassivation. In the occluded environment where 
mass transport by diffusion and convection is severely limited, hydrolysis 
of the dissolved metal cations coupled with the buildup of the Cl− concen-
tration required to maintain electroneutrality lead to the formation of a 
solution with a critical composition in terms of Cl− concentration and pH. 
As soon as the metal in the crevice becomes active the Ecorr inside the 
crevice decreases. This activation is accompanied by a substantial ohmic 
drop, equal to the product of the current by the solution resistance, due to 
the difference between Ecorr inside and outside the crevice. From a mecha-
nistic point of view there are many similarities between PC and CC and, 
therefore, the condition for a crevice to be active is that the current density 
multiplied by the depth of the crevice reaches a certain critical value (Sridhar 
et al., 2001; Kehler et al., 2001), as originally proposed by Galvele (1976).

A thorough review of tests developed to evaluate the CC resistance of 
alloys was presented by Sridhar et al. (2005). Standard tests in Fe3Cl solu-
tions in which an oxidizing species (i.e., Fe3+ ions) is used in addition to Cl− 
to accelerate the initiation of CC are reviewed, as well as electrochemical 
tests conducted under either open circuit or constant applied potentials. The 
use of critical potentials and critical temperatures for the initiation of CC 
as tools for the evaluation and ranking of different alloys is discussed in 
some detail (Sridhar et al., 2005).

Similarly to PC, a critical potential for the initiation of CC, Ecrev, exists, 
but its value exhibits an ill-defi ned dependence on crevice geometry. As in 
the case of PC, a distribution of potentials is observed. The most reliable 
parameter to assess the resistance to CC of passive alloys, particularly SS 
or Ni-Cr-Mo alloys, in a variety of aggressive environments containing Cl− 
anions is the repassivation potential for crevice corrosion, Ercrev, because it 
is independent of crevice depth (Dunn et al., 1996; 2000).

Dunn et al. (2005; 2006) found that for a given alloy with a specifi c heat 
treatment, Ercrev can be expressed as:

Ercrev = A1 + A2 T + (B1 + B2T) log[Cl−] [2.8]

where the coeffi cients A1, A2, B1, and B2 are independent of the tempera-
ture T. Even though the expression and the coeffi cients were determined 
for Alloy 22, similar expressions with the corresponding coeffi cients can be 
obtained for other alloys. The expression has been extended to include 
effect of inhibitors, such as NO−

3, SO4
2− and CO3

2−. A semi-empirical model 
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has recently been developed by Anderko et al. (2005) to account for the 
effect of Cl− concentration on Ercrev in the presence of complexing species 
in solution.

2.3.4 Dealloying

Dealloying is the selective removal by electrochemical dissolution of the 
most active metal from an alloy under specifi c environmental conditions. It 
may occur either as localized corrosion accompanied by perforation (plug 
type) or as a more uniform attack (layer type). One of the oldest cases 
reported, the removal of Zn from the brasses (Cu-Zn alloys) is known as 
dezincifi cation. The phenomenon is also termed selective leaching or parting. 
Many examples have been reported, such as the removal of Ni from Cu-Ni 
alloys, Al from Al-bronzes, Sn from Cu-Sn alloys, and Cu from Cu-Au alloys 
among others. Dealloying has been extensively studied and there are recent 
reviews covering the subject such as those by Corcoran (2003) and Van 
Orden (2005) in which many alloy/environment systems are discussed.

As noted by Corcoran (2003), dealloying can occur in principle in any 
system where a large difference exists between the reversible electrode 
potentials of the alloy elements. Fig. 2.6 is a schematic polarization curve 
for a binary ApB1−p alloy in which a passivity range is indicated, followed 
by a substantial increase in the current density at the critical potential for 
dealloying, Ecrit. At this potential, selective dissolution of A, the most active 
element of the alloy, occurs. It should be noted that Ecrit, even though it is 
essentially determined by the composition of both the alloy and the elec-
trolyte solution, is affected by the potential scan rate and the prior history 
of the alloy surface. Above Ecrit the morphology of the dealloyed metal 
surface is characterized by a porous structure (sponge) enriched in the more 
noble alloying element. The structure consists of metal–void phases with a 
pore spacing of few nanometers which can be coarsened by annealing at 
higher temperatures.

Originally there were two mechanisms proposed to explain dealloying. 
The fi rst mechanism – the dissolution-redeposition mechanism – suggested 
that both elements of the alloy dissolve and the more noble elements rede-
posit on the surface. The second mechanism postulated that only the active 
element is selectively dissolved from the alloy. A fundamental issue in this 
case relates to the process by which dealloying is sustained over more than 
a few atomic layers. Some authors suggested that dealloying is supported 
by solid-state diffusion of both atoms in the alloy to assure the necessary 
supply of electroactive solute atoms at the reactive layer. Others proposed 
that enhanced surface diffusion of the noble metal ad-atoms and surface 
restructuring allow continuous dissolution of the most active metal through 
a porous layer that progress in depth. A recent extension of this last 
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mechanism is the percolation model which accounts for preexisting inter-
connected paths in the binary alloy in order to explain that an alloy com-
positional threshold exists below which dealloying will not occur for a given 
alloy system. Van Orden (2005) has discussed some techniques used to 
study and evaluate dealloying indicating that there are no standards as have 
been developed for other localized corrosion processes.

2.3.5 Intergranular corrosion

Intergranular corrosion (IGC) is a form of localized corrosion character-
ized by preferential corrosion at grain boundaries or areas adjacent to 
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2.6 Schematic anodic polarization curve of a binary alloy ApB1–p, 
where B is the more noble alloy element, showing the range of 
passivity and the critical potential for dealloying, Ecrit.
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them, with little or negligible attack on the grains. Similarly to other forms 
of localized corrosion, it mainly occurs on passive alloys exposed to specifi c 
corrodents. IGC of commercial alloys is generally caused by enrichment or 
depletion of alloying elements in the area adjacent to the grain boundaries, 
by intergranular precipitation of second-phase particles or by the presence 
of alloy impurities segregated at the grain boundaries.

Most alloys, after being submitted to specifi c heat treatments or as a 
result of fabrication processes, experience IGC when exposed to an appro-
priate environment. A large number of cases involve Fe-Ni-Cr alloys, either 
Fe-based or Ni-based, particularly austenitic stainless steels (SS) due to 
their widespread use in many industrial applications. Austenitic SSs, such as 
AISI 304 (UNS S30400), after being slowly cooled through the temperature 
range of 850 to 550 °C, might become susceptible to IGC in relatively benign 
environments. The phenomenon is called ‘sensitization’ to indicate that 
the alloy is sensitive to grain boundary attack. Sensitization may occur as 
a result of various situations: (a) slow cooling from the annealing tempera-
ture, which could be the case in heavy section components; (b) stress 
relieving in the sensitization range, which is possible when ferritic steels that 
require such treatment are welded to austenitic steel parts that become 
sensitized; (c) welding operations, which is by far the most common cause 
of sensitization. The failure of AISI 304 and 316 (UNS S31600) SS com-
ponents due to IGC in the heat-affected zone (HAZ) of the weld, the so-
called weld decay, has been a problem in many industrial applications.

Sensitization of austenitic Fe-Cr-Ni alloys is caused by precipitation of 
Cr-rich carbides at grain boundaries, accompanied by Cr depletion of the 
regions adjacent to the carbides to levels below those required for passiv-
ation. Within the temperature range of sensitization, C diffuses toward the 
grain boundaries quite readily whereas the bulk diffusion of Cr from the 
austenitic matrix to the depleted region is too slow to allow replenishment. 
Since at least 12 wt % Cr is necessary to preserve passivity in an acidic 
medium, depletion of Cr below such level leads to IGC. However, if a sen-
sitized austenitic SS is held long enough at the sensitization temperature it 
becomes desensitized because Cr diffusion from the bulk replenishes the 
Cr-depleted region, even though the carbides are still precipitated. Austen-
itic SSs become less susceptible to sensitization, and hence intergranular 
corrosion, by decreasing the C content or by adding alloying elements such 
as Ti or Nb which are stronger carbide formers than Cr.

Ferritic and duplex SSs are also subject to sensitization but their suscep-
tibility is quite different. Ferritic SSs are sensitized at temperatures above 
925 °C by Cr depletion of the matrix in the vicinity of precipitated carbides 
and nitrides at grain boundaries. Even though the rate of sensitization is 
faster than that of the austenitic SSs, ferritic SSs are easily desensitized at 
about 650 °C because the diffusion of Cr and C are faster than that in the 
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austenitic phase. Duplex SSs, which contain austenite and ferrite as con-
stituent phases, are far less susceptible to sensitization because typically the 
C content is lower than 0.03 wt %. These alloys are more prone to exhibit 
precipitation of intermetallic phases, such as σ and χ, by slow cooling 
through the 900 to 700 °C range due to their relatively high Cr and Mo 
content. However, the effect of these intermetallic precipitates is more 
pronounced in terms of impact properties than on corrosion. If the C 
content is higher, preferential precipitation of carbides at ferrite/austenite 
boundaries make the duplex SS less prone to IGC because the depleted 
zone in the austenite phase can be easily replenished.

In terms of IGC, Ni-based alloys can be divided into two groups: Ni-Cr-
Fe alloys such as Alloys 600 (UNS N06600) and 800 (UNS N08800) and 
Ni-Cr-Mo alloys such as C-276 (UNS N10276) and C-22 (UNS N06022). 
The fi rst group is also prone to IGC as a result of sensitization. Even though 
the C content is usually lower (0.02 to 0.05 wt %) than in the AISI 304 or 
316 SS, the solubility of C is also lower in the Ni-base alloys and shorter 
heat treatments induce sensitization and therefore IGC in acidic environ-
ments. In the case of Ni-Cr-Mo alloys such as C-22 preferential precipita-
tion of intermetallic phases (µ and P) occurs upon heat treatment at 
temperatures around 600 °C. These intermetallics, rich in Cr and Mo, 
promote the depletion of both alloying elements in the region around them 
and facilitate IGC in acidic environments. An example of IGC of Alloy 22 
is shown in Fig. 2.7. IGC occurred in this case inside a crevice in which 
strongly acidic conditions prevailed.

2.7 Micrographs showing an example of intergranular corrosion. 
Attack on alloy C-22 observed inside a crevice where acidifi ed and 
concentrated chloride solutions exist.
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Segregation of impurities such as S or P to grain boundaries is also the 
cause of IGC. The IGC of austenitic SS in hot concentrated HNO3 has been 
attributed to the segregation of P to grain boundaries whereas the segrega-
tion of S to the grain boundaries of Ni is the cause of IGC in H2SO4 solu-
tions, in both cases at high oxidizing potentials. Among others, models of 
sensitization and segregation for Fe-Ni-Cr alloys and steels that account for 
the most important experimental observations have been developed by 
Bruemmer (1990) and Gutman and McLean (1979) respectively.

Aluminum alloys are also susceptible to IGC in Cl− solutions as a result 
of certain thermal aging treatments that promote precipitation of interme-
tallic phases along grain boundaries. The associated depletion of noble 
alloying elements (e.g., Cu) or the enrichment of the active ones (e.g., Zn) 
facilitates the preferential dissolution of the depleted area or the interme-
tallic phases respectively at potentials above the Epit of each specifi c phase.

There are many standard chemical and electrochemical tests for evaluat-
ing the susceptibility of alloys to IGC. A good review of the standards and 
test methods for Fe-Cr-Ni alloys is presented by Streicher (2005). Standards 
also exist for heat-treatable Al alloys (ASTM, 2006f; 2006g).

2.4 Microbially infl uenced corrosion

Corrosion processes mediated by the action of microbes and their meta-
bolic products are defi ned as microbially infl uenced corrosion (MIC). 
Whereas it is widely recognized that many types of aerobic and anaerobic 
bacteria are involved in MIC, their action is essentially related to the 
alteration of the local environmental and surface conditions facilitating 
the electrochemical reactions responsible for corrosion. Bacteria and 
other microorganisms, such as algae and fungi, are present in virtually all 
natural aqueous environments, as well as in industrial fl uids and waste 
waters.

There is abundant literature on the deterioration of metallic materials 
since the anaerobic corrosion of cast iron by sulfate reducing bacteria was 
reported more than 70 years ago (Von Wolzogen Kuhr and Van der Vlugt, 
1934). Among recent books, conference proceedings and handbook chap-
ters, the following ones by Geesey et al. (1994), Borenstein (1994), Angell 
et al. (1995), Videla (1996), Little et al. (1997), Gu et al. (2000) and Dexter 
(2003) deserve to be mentioned. In recent years it has been recognized 
that there are types of bacteria that under certain conditions can inhibit 
corrosion (Dexter, 2005).

The initial stage of MIC is the formation of a biofi lm on the metallic 
surface exposed to an aqueous environment. Biofi lms are complex assem-
blages of physiologically distinct microbial species that interact to maximize 
their survival in that environment. A matrix of extracellular polymeric 
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substances (EPS) excreted by the bacteria anchor them to the substratum 
trapping essential nutrients and buffering any fl uctuations in pH, toxic 
metals, biocides, etc. that may affect the viability and activity of the bacte-
rial colony.

The presence of biofi lms and their related heterogeneity creates micro-
environments on the exposed surface, thereby affecting the mode and 
rate of corrosion that in most MIC cases becomes localized. An example 
of PC promoted by bacteria is shown in Fig. 2.8. According to Dexter 
(2003), bacterial actions promoting MIC comprise: (a) production of 
organic and inorganic acids as metabolic products; (b) production 
of sulfur reduced species (e.g., sulfi des) under anaerobic conditions; 

Area
B

(a)

(b)

2.8 Micrographs showing: (a) typical pitting corrosion of AISI 304L 
stainless steel promoted by sulfate reducing bacteria; and 
(b) bacteria cells in a close up view of the lower pit.
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(c) introduction of new redox reactions; and (d) production of oxygen 
or generation of concentration cells.

It is beyond the scope of this chapter to discuss the specifi c aspects of all 
these actions and the type of bacteria involved. The publications listed 
above provide suffi cient information. Nevertheless, it is important to 
emphasize the role of sulfate reducing bacteria which are able to promote 
localized corrosion of steels and other alloys under anaerobic conditions 
even though the bulk environment could be aerobic because microen-
vironments depleted of oxygen can exist under biodeposits of anaerobic 
microorganisms. This example illustrates the complexities of monitoring 
environmental conditions that may lead to MIC. The use of different tech-
niques for this purpose has been discussed (Tuovinen and Cragnolino, 
1986). The application of electrochemical methods and tests to investigate 
MIC has recently been reviewed by Little and Wagner (2001) and by 
Dexter (2005).

2.5 Flow-assisted corrosion and erosion corrosion

These two forms of corrosion are discussed in this section because they are 
closely related due to the preponderance of hydrodynamic factors on their 
occurrence. Whereas in some publications (Cramer and Covino, 2003; 
Baboian, 2005), no clear distinction is established between these two phe-
nomena and both are considered as erosion corrosion, other authors (e.g., 
Efi rd, 2000) emphasize their differences. According to Efi rd, fl ow-assisted 
corrosion (FAC) or fl ow-infl uenced corrosion refers to corrosion signifi -
cantly enhanced by the fast movement of a single-phase fl uid. Erosion cor-
rosion (EC) is described as the additional effect exercised by the presence 
of entrained second phase particles in a moving fl uid, like liquid droplets 
entrained in a gas or solid particles suspended in a liquid or gas.

In this chapter, both phenomena are considered jointly and the specifi c 
differences will be noted. As shown schematically in Fig. 2.9, the rate of 
corrosion within the FAC regime is accelerated by fl uid fl ow by increasing 
the rate of mass transport of reactive species to the metal surface or the 
rate of removal of corrosion products from such surface. At a critical fl ow 
velocity, sometimes called the breakaway or erosional velocity, a signifi cant 
increase in the corrosion rate occurs well beyond the transition from laminar 
to turbulent fl ow. The critical fl ow velocity, Vc, for the occurrence of EC 
depends on the corrosion behavior of the material in the environment and 
the hydrodynamic parameters. It should be noted, however, that for many 
alloy/environment systems the boundary between both types of phenom-
enon is not as well defi ned as suggested by Fig. 2.9.

Below Vc, the corrosion rate increases slowly due to the increase in the 
rate of transport of electroactive species. The limiting current density, 
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directly related to the corrosion rate by the Faraday laws, is given by the 
following general expression

iL = Y Sca Reb [2.9]

where Y, a and b are constants, and Sc and Re are the Schmidt and Reyn-
olds number respectively, as given by

Sc = D/v [2.10]

Re = dV/v [2.11]

where D is the diffusion coeffi cient, v is the kinematic viscosity, d the char-
acteristic dimension and V the fl uid velocity. Equation [2.9] is valid for 
many geometrical confi gurations (e.g., tubular, annular, rotating disk, rotat-
ing cylinder, etc.) under laminar, transitional, and turbulent fl ow conditions. 
The values of Y, a, and b for such geometries and conditions are available. 
The limiting current and hence the corrosion rate below Vc usually increases 
with increasing V according to Vb with 0.33 < b < 0.5, exhibiting the largest 
b value in the turbulent regime.

If V is suffi ciently high the shear force at the interface may become suf-
fi ciently large to mechanically remove any protective fi lm from the surface 
leading to the accelerated corrosion depicted in Fig. 2.9 (i.e., the exponent 
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2.9 Schematic plot showing the effect of fl ow velocity on corrosion 
rate and its signifi cant increase above the critical velocity, Vc, for 
erosion corrosion.
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b becomes higher than 1.0). Although the attack could be localized in 
regions of high turbulence where reverse fl ow and eddying occur, corrosion 
is less localized than in PC and CC which are corrosion processes typical 
of stagnant fl uids.

In addition to the hydrodynamic variables discussed above, the proper-
ties of the environment and the composition of the materials have an 
important infl uence on FAC and EC. A decrease in pH from neutral 
values can accelerate signifi cantly the FAC rate whereas O2 can have 
opposite effects. If FAC is under cathodic control and dominated by O2 
reduction, the corrosion rate can be accelerated by increasing the O2 
content. However, an increase in the O2 content may displace the Ecorr to 
a regime in which more protective fi lms can be formed and the corrosion 
rate will decrease. Very protective passive fi lms, such as those formed on 
SSs or Ti alloys, are resistant to mechanical disruption even at very high 
shear forces and therefore these materials do not exhibit the abrupt 
increase in corrosion rate shown in Fig. 2.9, unless the abrasive effects due 
to the presence of solid particles in the fl uid play a role at very high 
energy transfer rates.

EC should be distinguished from other forms of erosive action such 
as solid particle and liquid droplet impingement damage and cavitation 
(Postlethwaite and Nesic, 2000) which can be considered essentially as 
mechanical forms of metal deterioration because the contribution of cor-
rosion is minimal. Tests to evaluate the effect of these phenomena are dis-
cussed by Glaeser (2005) whereas Roberge (2004) has reviewed test methods 
for FAC and EC.

2.6 Stress corrosion cracking

Stress corrosion cracking (SCC) is a process by which cracks propagate in 
a metal or alloy by the concurrent action of a tensile stress (residual and/or 
applied) and a specifi c corrosive environment. Depending upon the alloy/
environment system, cracks could propagate with velocities ranging from 
10−12 to 10−3 m/s in alloys which do not exhibit signifi cant general corrosion 
because they are covered with a protective fi lm. For these reasons SCC is 
one of the more insidious forms of alloy failure in industrial applications 
and therefore the subject is one of the most researched areas of corrosion 
science and engineering. Among many books and conferences covering a 
wide range of alloys, environments, and applications, those by Gangloff and 
Ives (1988), Jones (1992, 2001), Kane (2000) and Shipilov et al. (2007a, b) 
are the most recent ones.

There are two distinctive modes of crack propagation according to the 
path followed by the cracks. Cracks are intergranular when they propagate 
along grain boundaries and are transgranular if they run across the grains, 
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in some cases following preferential crystallographic planes (cleavage 
planes), as illustrated in the fractographs shown in Fig. 2.10. Depending 
upon the alloy/environment system, either mode of propagation can be 
observed, but in many cases both modes can occur simultaneously or con-
secutively. A transition in the mode of propagation could arise from minor 
changes in the composition of the corrodent (e.g., pH, or concentration of 
ionic species), the potential, or the composition and microstructure of the 
alloy.

(a)

(b)

2.10 Fractographs showing the typical appearance of: (a) intergranular 
stress corrosion cracking; and (b) transgranular stress corrosion 
cracking. Both crack propagation modes were observed on AISI 316L 
strained in a hot MgCl2 solution.
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The three groups of major factors affecting SCC susceptibility are sche-
matically represented in Fig. 2.11. Material variables are uniquely impor-
tant in determining SCC resistance. Compositional differences even within 
a class of alloys (e.g. austenitic Ni-Cr-Fe alloys) could have a remarkable 
effect. Microstructural modifi cations introduced by heat treatment can alter 
substantially the SCC resistance (e.g., sensitization of austenitic SS renders 
them susceptible to intergranular SCC in relatively innocuous environ-
ments). Even though variations in surface conditions may not alter substan-
tially the SCC behavior, the initiation time that precedes crack propagation 
could be affected signifi cantly.

Stress is another major factor required for SCC and various sources of 
stress are summarized in Fig. 2.11. The time of failure caused by the pro-
pagation of cracks under constant load conditions tends to increase with 
decreasing stress until a threshold stress, σth, is reached, usually lower than 
that required for macroscopic yielding as expressed by the yield strength, 
σy, of the material. The effect of applied stress, however, is better repre-
sented through the stress intensity factor, KI, defi ned by fracture mechanics 
concepts as

KI = Yσ (π a)1/2 [2.9]

where Y is a geometrical factor, σ is the applied stress, and a is the crack 
length. Crack propagation only occurs above a threshold stress intensity 
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2.11 Schematic diagram showing the interplay of the three major 
infl uential factors on stress corrosion cracking of metallic materials.
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defi ned as KIscc. Usually crack growth rate increases rapidly with increasing 
KI above KIscc (Stage 1), until a plateau is reached at which the crack growth 
rate becomes independent of KI (Stage 2), as shown schematically in 
Fig. 2.12.

In many cases of service failures, residual stresses caused by manufactur-
ing processes, such as welding, become critical factors, in addition to the 
effect of stresses due to sustained mechanical loads or dynamic straining 
during start-up operations (i.e. slow strain rate conditions).
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2.12 Schematic plot of the logarithm of the crack growth rate, da/dt, 
as a function of stress intensity, KI, showing the typical three stages of 
crack propagation at KI values above the threshold stress intensity for 
stress corrosion cracking, KIscc. The critical stress intensity, KIc, for fast 
fracture in air is also indicated.
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The third major factor infl uencing SCC is related to the properties of the 
environment, including variables such as chemical composition, pH, tem-
perature, fl ow rate, etc. The concept of a very specifi c environment required 
to promote SCC of a given alloy (e.g. NH3 causing SCC of α-brass) does 
not hold any more due to the multiplicity of chemical species able to 
promote SCC under an appropriate set of environmental conditions. In this 
regard, the potential is recognized as a critical factor because minor modi-
fi cations of Ecorr by the presence of reducible species (e.g., O2, H2O2, Fe3+, 
Cu2+) may promote SCC by displacing the Ecorr of the metal or alloy to a 
‘window’ of susceptibility. For an alloy exposed to the appropriate environ-
ment in which anodic dissolution is the predominant crack advance mecha-
nism, the current density at the crack tip should be far faster than the 
current density at the exposed surface, otherwise general dissolution will 
occur. Moreover, if the current density at the crack walls is comparable to 
that at the crack tip, PC will occur instead of SCC. A critical balance must 
exist between anodic activity at the crack tip and passivity of the overall 
exposed surface to maintain the high aspect ratio of a crack. A complete 
passive behavior precludes SCC because any incipient crack nucleus will 
be soon repassivated.

Parkins (1972) proposed that a continuous spectrum of mechanisms can 
account for the SCC observed in a large variety of alloys and environments 
and Macdonald and Cragnolino (1989) extended such a concept to alloy/
environment systems prevailing in the power generating industry. The 
mechanisms may range from: (a) intergranular SCC (e.g., ferritic steels in 
caustic solutions); promoted by anodic dissolution along preexisting active 
paths (i.e., depleted or segregated grain boundaries); (b) transgranular 
SCC (e.g., austenitic SS in hot chloride solutions), initiated by mechano-
chemical passivity breakdown in the form of incipient pits just above Epit 
or Erpit (see Fig. 2.4) and propagated along strain generated paths; and (c) 
mixed intergranular and transgranular SCC (e.g. high strength steels in 
water or steam) induced by absorption of atomic hydrogen and decohe-
sion. Newman (2002) proposed that a brittle fi lm on the metal surface, such 
as a dealloyed layer, can trigger a fast short-life cleavage promoting discon-
tinuous transgranular crack propagation. On the other hand, Galvele 
(1995) after reviewing all the postulated models for SCC has developed a 
model based on surface mobility. Ionic species in the environments can 
create a contaminated layer where accelerated self-diffusion of ad-atoms 
induces the generation of vacancies at the stressed crack tip as the crack 
advance mechanism. Proposed SCC mechanisms and models have been 
reviewed and discussed by Jones (2003). The existence of a critical poten-
tial for the transgranular SCC of austenitic SSs in hot chloride solutions, 
ESCC, coincident with Ercrev has been discussed by Cragnolino et al. (2001), 
whereas other authors (Andresen et al., 2001) dispute the existence of such 
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critical potentials on the basis of research conducted in environments such 
as high temperature water.

The most important parameter for monitoring SCC is the crack growth 
rate which has been measured in compact tension specimens by using poten-
tial drop methods, instrumented loading bolts and more recently Micro-
Electro-Mechanical Systems (MEMS). Techniques for evaluating SCC are 
described by Sedriks (1990) and Phull (2003a). Sensors to measure stress 
and strain or strain rate are necessary as well as those required for moni-
toring environmental parameters which are common to other localized 
corrosion processes, including Ecorr.

2.7 Corrosion fatigue

Corrosion fatigue (CF) occurs when a metallic component exposed to a 
corrosive environment is subjected to cyclic stresses. It is distinguished 
from fatigue (see Fig. 2.11), which takes place in the absence of a cor-
rosive environment (i.e., dry inert gas or vacuum). CF is closely related 
to SCC and usually jointly considered as environmentally assisted crack-
ing (EAC). However, the effect of the environment is far less specifi c in 
CF. As suggested by the lack of superposition with the materials circle 
in the diagram of Fig. 2.11, almost all metals and alloys, either under 
active or passive conditions, experience CF in an aqueous environment 
because their fatigue life is reduced with respect to that in an inert envi-
ronment. Even humid air is an aggressive environment for many metals 
and alloys. In alloys exhibiting passive behavior (e.g., ferritic SSs used in 
turbine blades) transgranular cracks typical of CF – which do not exhibit 
the branching features characteristic of transgranular SCC – are initiated 
from pits. Comprehensive reviews of CF can be found in many books, 
handbook chapters and conference proceedings. Among those recently 
published, Magnin (2002) and Gangloff (2005) provide valuable 
reviews.

Gangloff (2005) describes four successive stages of CF with increasing 
number of load cycles: (a) cyclic plastic deformation; (b) microcrack initia-
tion; (c) small crack growth to linkup and coalescence; and (d) macrocrack 
propagation. The initial stages are the subject of high-cycle fatigue (HCF) 
which is characterized by cyclic loads that lead to small scale yielding. 
HCF is studied by using smooth or notched cylindrical specimens and test 
results are plotted showing the applied cyclic stress amplitude, σa, vs. the 
number of cycles to failure, N. The value of σa decreases with N until a 
limiting value named the fatigue strength or endurance limit is reached at 
N ≈ 5 × 106 cycles. In an inert environment this parameter is well defi ned 
and represents the fatigue resistance of the material. In a corrosive environ-
ment, however, σa tends to decrease continuously with increasing N and the 
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CF strength is usually defi ned at an arbitrary value of N (e.g. 107 cycles). 
The CF life, as assessed by the σa vs. N curves, is dominated by microcrack 
initiation, as evidenced by the fact that notched specimens, where crack 
initiation is facilitated, fail at substantially lower N than smooth specimens 
when subjected to the same σa values.

Macrocrack propagation is evaluated using fracture mechanics tech-
niques. The CF crack growth rate per cycle, da/dN, is plotted as a function 
of the stress intensity range, ∆K = Kmax − Kmin as shown in Fig. 2.13a. In 
vacuum or dry air, a threshold stress intensity range, ∆Kth, exists below 
which da/dN becomes negligible. Above ∆Kth, and at intermediate ∆K 
values, the following Paris relationship is valid

da/dN = C (∆K)n [2.10]

where C and n are empirical constants. In a corrosive environment, da/dN 
usually exhibits a more complex dependency with ∆K, R = Kmin/Kmax and 
frequency, f, and the changes in behavior schematically illustrated in Fig. 
2.13b–d can be observed. In the fi rst case (Fig. 2.13b), there is a syner-
gism between cyclic loading and the corrosion reactions at the crack tip 
leading to what is termed ‘true corrosion fatigue’. As a result, da/dN 
increases with decreasing frequency below 1 Hz because the environment 
has more time to interact with the crack tip during the rising part of the 
load cycle. The second case (Fig. 2.13c) is observed in materials/environ-
ment systems in which SCC occurs above KIscc (e.g., high strength steels 
in NaCl solution). In this case the environment has a strong effect on 
da/dN only within the KIscc < Kmax < Kc range. Also, da/dN increases with 
decreasing frequency and with increasing Kmean = (Kmax + Kmin)/2. The 
third case (Fig. 2.13d) represents a combination of the two previous 

2.13 (a) Schematic plot of the logarithm of the cyclic crack growth 
rate, da/dN, as a function of the logarithm of the stress intensity 
range, ∆KI, showing the threshold stress intensity range, ∆Kth, for 
fatigue and the critical stress intensity, KIc, for fast fracture in an inert 
environment. (b) Schematic plot of the logarithm of the cyclic crack 
growth rate, da/dN, as a function of the logarithm of the maximum 
stress intensity, Kmax, showing the effect of a corrosive environment 
on ‘true’ corrosion fatigue. (c) Schematic plot of the logarithm of the 
cyclic crack growth rate, da/dN, as a function of the logarithm of the 
maximum stress intensity, Kmax, showing the effect of a corrosive 
environment only above the threshold stress intensity for stress 
corrosion cracking, KIscc. (d) Schematic plot of the logarithm of the 
cyclic crack growth rate, da/dN, as a function of the logarithm of the 
maximum stress intensity, Kmax, showing the effect of a corrosive 
environment on ‘true corrosion fatigue’ below KIscc and the 
superposition of corrosion fatigue and stress corrosion cracking above 
KIscc.
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behaviors (e.g., α/β Ti alloys in NaCl solution), ‘true corrosion fatigue’ 
below KIscc and superposition of CF and SCC above KIscc. This behavior 
leads to an expression of the crack growth rate for EAC on a time basis 
given by:

(da/dt)EAC = f (da/dN)TCF + (da/dt)SCC [2.11]

As indicated in Fig. 2.11, environmental variables play an important role 
on CF. Although their infl uence is less specifi c than in SCC, the localized 
environment inside the crack which is, among other factors, controlled by 
the potential, determines the rate at which corrosion reactions occur and 
hence affect the CF crack growth rate. Finally, it should be emphasized 
that the CF behavior is strongly affected by metallurgical variables, among 
them alloy composition and microstructure, and in particular mechanical 
propertie such as tensile strength and fracture toughness. Comprehensive 
reviews of CF testing are presented by Phull (2003b) and Gangloff 
(2005).

2.8 Hydrogen embrittlement

There is a tendency to consider hydrogen embrittlement (HE) as a form 
of EAC. In this section, however, it is defi ned separately, taking into 
account the almost unique physicochemical properties of hydrogen and 
its specifi c interaction with metals. Hirth and Johnson (1976) in their 
phenomenological classifi cation of such interaction in nine categories 
separated three forms of HE from other forms of hydrogen damage. The 
mode of hydrogen entry in a metal lattice distinguishes hydrogen stress 
cracking (HSC) from hydrogen environment embrittlement (HEE), both 
characterized by a loss of tensile stress due to the subcritical growth of 
cracks at tensile stresses below the yield strength, whereas loss in tensile 
ductility corresponds to the decrease in elongation or reduction in area 
in a tensile test. There are many comprehensive books, handbooks and 
conference proceedings dealing with HE of different classes of alloys, 
particularly steels due to their technological signifi cance (e.g., Oriani 
et al., 1985; Turnbull, 1995; Thompson and Moody, 1996; Moody et al., 
2003).

The process of greatest interest is HSC because hydrogen entry is caused 
by a corrosion process in aqueous media whereas the usual source of hydro-
gen in HEE is gaseous. The cathodic reduction of H+ ions by either the 
chemical desorption mechanism or the electrochemical desorption mecha-
nism leads to the chemical adsorption of atomic hydrogen on the metal 
surface, according to the following reaction step:

M + H3O+ + e− → MHad + H2O [2.12]
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The hydrogen atom can diffuse into the metal lattice, particularly in body-
centered cubic (bcc) metals in which the diffusion coeffi cient is high (D ≈ 
10−4 cm2/s). The entry of the hydrogen atoms in the lattice is strongly favored 
by the presence of species in the environment, such as H2S and other vola-
tile hydrides (e.g. H2Se, PH3, AsH3 and SbH3), which act as poisons for the 
recombination of adsorbed hydrogen atoms, limiting the desorption of H2 
molecules and hence increasing the available concentration of hydrogen 
atoms on the metal surface.

There are a large number of atomic, microscopic and macroscopic defects, 
where hydrogen atoms may accumulate in a metallic structure. These traps 
include interstitial and substitutional solute atoms, lattice vacancies, inclu-
sions, voids and pores. This trapped hydrogen can lead to crack propagation 
and failure in the presence of a tensile stress of suffi cient magnitude. HSC 
is commonly associated with brittle failure, either in the form of intergranu-
lar cracking or transgranular cracking with a quasi-cleavage appearance, 
even though in some cases ductile fracture occurs. For steels the fracture 
mode depends on the value of KI. The fracture mode may change from 
intergranular cracking at low KI, to transgranular tearing with quasi-cleav-
age facets at intermediate KI, and microvoid coalescence, typical of ductile 
failure at high KI.

The crack growth rate for a variety of medium- and high-strength steels 
in environments promoting HE depends on KI, exhibiting a dependence 
similar to that shown in Fig. 2.12. above a threshold value defi ned as KIEH. 
The crack growth rate in Stage 2 increases with increasing cathodic poten-
tials suggesting that SCC of high-strength steels in aqueous environments 
is caused by HE. The crack growth rate also increases in NaCl solutions at 
anodic potentials above Epit because atomic hydrogen is generated inside 
the pits as a result of localized acidifi cation and the subsequent reduction 
of H+ ions. Test methods for evaluating HE are discussed by Phull (2003c) 
and Interrante and Raymond (2005).

2.9 Characterization techniques

Techniques used to characterize and analyze corroded and fractured sur-
faces and features like pits and cracks, as well as corrosion products, are 
presented and discussed in many papers, books and other publications. A 
useful series of articles written by different specialists were published as 
Surface Analysis Series in many issues of Volumes 41, 42, and 43 of 
Corrosion Engineering (the English translation of Boshoku Gijutsu). 
Marcus and Mansfeld (2005) have recently edited a book in which surface 
analysis and electrochemical techniques are discussed in some detail. In 
the following sections, brief descriptions of the different techniques are 
presented.
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2.9.1 Surface characterization

Several techniques are used to examine and characterize topological 
features of corroded metal and fracture surfaces. They include tradi-
tional optical microscopy and electron microscopy. Table 2.1 adopted 
from Shah (2003) summarizes the techniques used to examine the 
surface topological structure and those to obtain the chemical identity 
and composition of surface fi lms and layers as well as corrosion prod-
ucts by examining the atomic and molecular structure. More detailed 
information is available on materials characterization in Volume 10 of 
the ASM Handbook.

Table 2.1 Surface sensitive analytical techniques, principles and applications (adapted 
from Shah, 2003, with minor modifi cations)

Analytical technique Principle Target information

Surface morphology

Optical microscopy Refl ected light is used to generate a 
magnifi ed image.

Macroscopic surface 
structure details

Scanning electron 
microscopy (SEM)

Incident electron beam generates a 
secondary electron emission that 
is used to generate the surface 
image.

Microscopic imaging 
of the surface 
structure

Atomic force 
microscopy (AFM)

Microscopic force sensor (cantilever) 
is used to sense the force between 
a sharp tip and the sample surface 
as the sample is scanned to 
generate an image.

Imaging of insulated 
surface structure at 
atomic resolution

Scanning tunneling 
microscopy (STM)

Tunneling current is motivated as 
the probe tip is scanned over a 
surface of interest in the x-y plane 
to generate an image.

Imaging of 
conducting surface 
structure at atomic 
resolution

Chemical identifi cation and composition

Energy dispersive 
x-ray 
spectroscopy 
(EDS)

Incident electron beam generates 
emission of x-rays characteristic 
of element present at the surface.

Elemental 
identifi cation of the 
surface species

X-ray diffraction 
(XRD)

Diffraction of the incident x-ray 
beam from various plans of 
crystal lattice create a diffraction 
pattern characteristic of the 
sample.

Elemental and phase 
identity and 
composition of 
inorganic corrosion 
product

Auger electron 
spectroscopy 
(AES)

Incident electron beam initiates a 
multistep process to facilitate the 
ejection of an outer shell electron. 
The energy of this ejected electron 
is characteristic of the surface 
atoms.

Elemental identity 
and composition of 
the surface species 
and the depth 
profi le
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Energy dispersive X-ray analysis (EDS) is routinely used in conjunction 
with scanning electron microscopy (SEM) to examine and analyze corroded 
and fractured surfaces, whereas it is combined with scanning transmission 
electron microscopy (STEM) to analyze at much higher magnifi cation 
concentration profi les around precipitates, pits or cracks, intermetallic com-
positions, etc. X-ray photoelectron spectroscopy (XPS), Auger electron 
spectroscopy (AES) and glow discharge optical emission spectrometry 

Table 2.1 Continued

Analytical technique Principle Target information

X-ray photoelectron 
spectroscopy 
(XPS)

Incident x-rays on the surface eject 
photoelectrons. The energy of the 
photoelectrons is characteristic of 
the surface atoms.

Elemental identity 
and composition of 
the surface species, 
the electronic 
structure, chemical 
bonding, and 
elemental depth 
profi le

Glow discharge 
optical emission 
spectrometry 
(GDS)

Gas discharge with inert gas (Ar) at 
1–10 Torr generate plasma and 
sputtered atoms excited in the 
plasma will emit light with 
characteristic wave length.

Elemental identity 
and composition of 
surface species and 
the depth profi le

Ion scattering 
spectroscopy 
(ISS)

The energy of scattered primary 
ions from the surface allows 
identifi cation of surface atoms.

Chemical composition 
of the surface fi lms 
at atomic and a 
molecular level

Secondary ion mass 
spectrometry 
(SIMS)

Incident ion beam ejects the surface 
atoms as ions, and mass of these 
secondary ions is measured.

Chemical composition 
of the surface 
adsorbed species

Extended x-ray 
absorption fi ne 
structure (EXAFS)

The x-ray absorption generates the 
interference effects between 
emitted photoelectron waves and 
backscattering waves 
characteristic of the local 
structure.

Composition of 
adsorbed species, 
number, and 
separation 
distances of surface 
atoms

Fourier transform 
infrared 
absorption 
spectroscopy 
(FTIR)

The absorption of the infrared 
photons results in vibrational 
excitation that is characteristic of 
the surface molecules and the 
environment.

Vibrational structure 
of molecules and 
bonding 
interactions with 
the surface and the 
surroundings

Raman and surface 
enhanced Raman 
spectroscopy 
(Raman, SERS)

Energy shifts of the scattered 
photons are characteristic of the 
molecular identity.

Vibrational structure 
of adsorbed 
molecules on the 
surface
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(GDS) are commonly used in combination with ion milling or sputtering 
to study in-depth composition of surface layers or passive fi lms.

Ellipsometry is an optical method used to characterize the optical proper-
ties of surface and surface layers using the refl ection of polarized light. It 
has been extensively used to determine the thickness of passive fi lms among 
other applications.

2.9.2 Corrosion products characterization

Many of the techniques used to characterize and analyze deposited, sus-
pended or dissolved corrosion products, including ionic species in solution 
are listed in Table 2.1. These techniques include among others, SEM com-
bined with EDS, X-ray diffraction (XRD), Fourier transform infrared 
absorption spectroscopy (FTIR), laser Raman spectroscopy, and inductively 
coupled plasma mass spectrometry, as well as traditional methods such as 
atomic absorption spectroscopy for the analysis of species in solution.
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Part I
Electrochemical techniques for 

corrosion monitoring





3.1 Introduction

The mechanism of corrosion taking place in aqueous phase is electrochemi-
cal. Therefore a broad range of electrochemical techniques have been 
developed. The main advantages of electrochemical techniques include 
sensitivity to low corrosion rates, short experimental duration, and well-
established theoretical understanding. During electrochemical experiments 
specimens are polarized to accelerate the corrosion measurement process 
and the measurements are made within minutes or hours. Electrochemical 
measurements are used both in the laboratory and in the fi eld. Commonly 
used electrochemical polarization techniques include polarization resist-
ance methods, Tafel extrapolation methods, cyclic potentiodynamic 
methods, potentiostatic methods, galvanostatic methods, and galvanic 
current methods. The electrochemical polarization methods are used to 
monitor quantitatively general corrosion and galvanic corrosion. They can 
also be used qualitatively to monitor localized corrosion (pitting and 
crevice). In this chapter fundamental aspects, procedures to use, advantages 
and limitations of electrochemical techniques for monitoring corrosion are 
presented. Several standards are developed by various standardization 
organizations. Where applicable, suitable standards are referenced in this 
chapter.

3.2 Electrochemical nature of corrosion

Corrosion of metals and alloys in aqueous solution or in any other ionically 
conducting medium takes place by an electrochemical mechanism. The 
electrochemical corrosion reaction requires four elements (ACME) 
(Fig. 3.1): anode (A), cathode (C), metallic conductor (M) and electrolytic 
conductor (E).

At the anode metallic ions leave the metal surface and go into solution. 
In this process it leaves electrons behind on the metal surface. Therefore 
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the metal is oxidized (loss of electrons) at the anode (A). This process is 
corrosion. The anodic (corrosion) reaction can be written as Equation 
[3.1]:

M → Mn+ + ne− [3.1]

The metallic ions, or other reactive species or ions are carried from the 
anode to the cathode by the ionically-conducting electrolyte (E). Electro-
lytes are mostly liquids, but they may also be solids. If the electrolyte 
has more ions then it has higher conductivity and hence it is a better 
electrolyte.

There are two types of ions: anions and cations. Anions are negatively 
charged and they move towards the anode. Cations are positively charged 
and they move towards the cathode. The electrolyte may contain several 
species that could undergo reduction. The most commonly occurring 
reduction reactions at the cathode are: hydrogen ion reduction (Equation 
[3.2]) or oxygen reduction (Equation [3.3]):

2H+ + 2e− → H2 [3.2]

O2 + 2H2O + 4e− → 4OH− [3.3]

The electrons left by the metal ions at the anode site are carried to the 
cathodic site by the metallic conductor (M).

In order for electrochemical corrosion to take place all four processes 
should occur simultaneously. Absence of any one of the four elements pre-
vents corrosion from taking place. In the presence of all four elements a 
balance is established, so that the rate of anodic reaction (oxidation) is 
equal to that of cathodic reaction (reduction). Electrochemical polarization 
measurements are used to determine the rate of anodic or cathodic reac-
tions individually or collectively.

+ Current path
Metal

Electrolyte
+ Ionic path

Anode Cathode

3.1 Four elements of a corrosion process.
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3.3 Energy–potential–current relationship

3.3.1 Energy

When you drop a ball (or a bucket of water) it rolls to the lowest point 
where it ultimately settles. It does so because it seeks a state of lowest 
energy. This tendency is given by Gibb’s free energy change (DG). If 
this energy change is negative as a result of a process or reaction then 
the result of the process or product of the reaction is one of lower 
energy than the starting material. Therefore the product is more stable 
and, hence, the process is energetically possible. If the free-energy change 
is positive then the reaction does not take place spontaneously.

3.3.2 Potential

The free energy change related to the potential is shown in Equation 
[3.4]

E
G

n
= − ∆

F
 [3.4]

where E is the potential, n is the number of electrons transferred and F is 
the Faraday constant.

Therefore the potential is a measure of the reaction (corrosion) tendency. 
Positive potential (E) corresponds to negative ∆G and hence to spontane-
ous reaction.

The arrangement of metals based on standard potentials is known as the 
Standard Oxidation-Reduction (redox) Potential or Standard Equilibrium 
Reduction Potential or Standard Potential or Electro-Motive Force (EMF) 
Series or Standard Reversible Potential. The standard potential series of 
metals is given in Table 3.1.1 Standard potential is the potential of a metal 
in contact with its own ions at a concentration equal to unit activity. In this 
series the potential is presented as reduction reaction. (The same series can 
be developed based on oxidation reaction, in which case the values will be 
the same but the ‘signs’ will be reversed.)

The standard redox potentials can be used to understand the corrosion 
tendency of metals. For example, let us see what happens when copper and 
zinc pieces each immersed separately into their own ions (Fig. 3.2) are 
electrically connected (commonly called short-circuited).2 From Table 3.1, 
the standard redox potential of copper is +0.337 V and that of zinc is 
−0.763 V, so that:

1. Copper reduction is spontaneous +0.337 V
2. Copper oxidation is non-spontaneous −0.337 V
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3. Zinc reduction is non-spontaneous −0.763 V
4. Zinc oxidation is spontaneous +0.763 V

Therefore when an ACME setup shown in Fig. 3.2 is established, a potential 
of 1.1 V is created and zinc undergoes anodic oxidation (corrosion) while 
copper ion undergoes cathodic reduction at the copper cathode. Thus the 
series helps to determine the corrosion tendency of metals quickly and 
easily.

Table 3.1 Redox potential series. Used with 
permission from Uhlig and Revie1

Electrode reaction
Standard potential
φ° (in volts) at 25° C

Au3+ + 3e− = Au  1.50
Pt2+ + 2e− = Pt ca. 1.2
Pd2+ + 2e− = Pd  0.987
Hg2+ + 2e− = Hg  0.854
Ag+ + e− = Ag  0.800
Hg2

2+ + 2e− = 2Hg  0.789
Cu+ + e− = Cu  0.521
Cu2+ + 2e− = Cu  0.337
2H+ + 2e− = H2  0.000
Pb2+ + 2e− = Pb −0.126
Sn2+ + 2e− = Sn −0.136
Mo3+ + 3e− = Mo ca. −0.2
Ni2+ + 2e− = Ni −0.250
Co2+ + 2e− = Co −0.277
T1+ + e− = T1 −0.336
In3+ + 3e− = In −0.342
Cd2+ + 2e− = Cd −0.403
Fe2+ + 2e− = Fe −0.440
Ga3+ + 3e− = Ga −0.53
Cr3+ + 3e− = Cr −0.74
Cr2+ + 2e− = Cr −0.91
Zn2+ + 2e− = Zn −0.763
Nb3+ + 3e− = Nb ca. −1.1
Mn2+ + 2e− = Mn −1.18
Zr4+ + 4e− = Zr −1.53
Ti2+ + 2e− = Ti −1.63
Al3+ + 3e− = Al −1.66
Hf4+ + 4e− = Hf −1.70
U3+ + 3e− = U −1.80
Be2+ + 2e− = Be −1.85
Mg2+ + 2e− = Mg −2.37
Na+ + e− = Na −2.71
Ca2+ + 2e− = Ca −2.87
K+ + e− = K −2.93
Li+ + e− = Li −3.05
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To determine the potential of a metal in which the reactants are not at 
unit activity, Nernst derived an equation as shown in Equation [3.5].

E E
RT
n

a
a

= +o
oxid

red

2 303. log
F

 [3.5]

Where E is the potential, Eo is the standard redox potential, R is the gas 
constant, T is the absolute temperature, n is the number of electrons trans-
ferred, F is the Faraday constant and aoxid and ared are the activities (con-
centrations) of oxidized and reduced species. As indicated in Equation [3.5] 
potential becomes more and more positive as the amount of oxidized 
species increases. For each tenfold increase in the oxidized reactant, the 
half-cell potential increased by 59 mV for a single electron reaction, i.e., 
n = 1, at 25 ºC.

In order for corrosion to occur no metals need to be in contact with their 
own ions. In practice both anode and cathode can exist on the same metal 
sample (Fig. 3.3), which can also act as metallic conductor (i.e., A, C, and 
M can exist on the metal sample). When a piece of metal is immersed into 
an electrolyte and all four elements (ACME) are established, a potential 
is developed and corrosion starts to occur. This potential is called corrosion 
potential or mixed potential (different from ‘standard equilibrium 
potential’).

Zn+2 = unit activityCu+2 = unit activity

Cu Zn

Porous
membrane

1.1 volt

V
–+

3.2 Reversible cell containing copper and zinc electrodes in equilibrium 
with their ions. Used with permission from Fontana and Greene.2
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The measurement of the corrosion potential is the fundamental primary 
step for understanding the corrosion tendency of metals or alloys in an 
electrolyte. However, the potential of a single electrode cannot be directly 
measured; only the difference between potentials of two electrodes can be 
measured. For this reason the corrosion potential of an electrode is meas-
ured using another electrode called a ‘reference electrode’. Therefore the 
corrosion potential should always be reported with respect to a particular 
reference electrode. Some commonly used standard reference electrodes 
are: the saturated calomel electrode (SCE); the silver/silver chloride (Ag/
AgCl) electrode; and the copper/copper sulphate (CCS) electrode. The cor-
rosion potential measured against one reference electrode can be converted 
against another reference electrode. Table 3.2 presents correction factor to 
convert the corrosion potential from one reference electrode to another.3

Metals and alloys can be arranged based on their corrosion potentials in 
a given environment (electrolyte). Such arrangement of metals and alloys 
is called a ‘galvanic series’. The tendency of metals or alloys to act as an 
anode or cathode in a given electrolyte can be distinguished from the 
galvanic series. The differences between galvanic and EMF series are 
presented in Table 3.3.

3.3.3 Current

Potential provides an indication of the tendency of metals to corrode, but 
it does not provide information on the rate of corrosion reaction. The rate 
of corrosion is proportional to the rate of electrons transferred between the 
electrode and the electrolyte. The rate of electron transfer is represented 
as current (I ). The amount of current (I) per unit surface area (A) is current 
density (i).

+

+
+

+

Metal

Local cathodes

–

–

–

3.3 Anodes and cathodes co-exist on the same metal.
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If a metal (e.g., zinc) is in equilibrium with its ions at unity it would 
be at the standard redox potential (as given in Table 3.1) and the redox 
potential of the zinc (EZnn+/Zn) at other concentrations of its ions can be 
calculated from Nernst Equation [3.5]. The rate of exchange of electrons 
under this condition is known as exchange current density (iZnn+/Zn). 

From (E′) To SHE scale To SCE scale (E′)

H2/H+ – −0.241
Ag/AgCl/1 M KCl +0.235 −0.006
Ag/AgCl/0.6 M Cl (seawater) +0.25 +0.009
Ag/AgCl/0.1 M Cl +0.288 +0.047
Hg/Hg2/Cl2/sat KCl (SCE) +0.241 –
Hg/Hg2Cl2, 1 M +0.280 +0.039
Hg/Hg2Cl2, 0.1 M +0.334 +0.093
Cu/CuSO4 sat +0.30 +0.06
Hg/Hg2SO4/H2SO4 +0.616 –

Example:
An electrode potential of +1.000 V versus SCE would be (1.000 + 0.241) = +1.241 V 
versus SHE. An electrode potential of −1.000 V versus SCE would give (−1.000 + 
0.241) = −0.759 V versus SHE.

Table 3.2 Potentials of standard reference electrodes and conversion factors to 
convert potentials against one standard reference electrode to another. Used 
with permission from Treseder et al.5

Electrode

Potential (V) at 25° C
Thermal temperature 
coeffi cienta (mV/° C)E′b E″c

(Pt)/H2(α = 1)/H+(α = 1) (SHE) 0.000 – +0.87
Ag/AgCl/1 M KCl +0.235 – +0.25
Ag/AgCl/0.6 M Cl− (seawater) +0.25 – –
Ag/AgCl/0.1 M Cl− +0.288 – +0.22
Hg/Hg2Cl2/sat KCl (SCE) +0.241 +0.244 +0.22
Hg/Hg2Cl2/1 M KCl +0.280 +0.283 +0.59
Hg/Hg2Cl2/0.1 M KCl +0.334 +0.336 +0.79
Cu/CuSO4 sat +0.30 – +0.90
Hg/Hg2SO4/H2SO4

d +0.616 – –

a To convert from thermal to isothermal temperature coeffi cients, subtract 
0.87 mV/° C. Thus the isothermal temperature coeffi cient for Ag-AgCl is 
−0.62 mV/° C.
b E′ is the standard potential for the half cell corrected for the concentration of 
the ions.
c E″ also includes the liquid junction potentials for a saturated KCl salt bridge. To 
convert from one scale to another, add the value indicated.
d Potential given is for a range of H2SO4 molalities as discussed in Ref (10).
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Similarly if we consider the hydrogen electrode in equilibrium with 
H+ ions, it would be at the redox potential (EH+/H) and a corresponding 
exchange current density (iH+/H). What will happen if we combine these 
two systems?

If the zinc is immersed into a solution containing H+ ions (e.g., hydro-
chloric acid), the potential of the metal will not be at the redox potential 
of either the zinc or the hydrogen, but the potential will stabilize at the 
mixed or corrosion potential (Ecorr). At Ecorr the rate of zinc dissolution is 
equal to the rate of hydrogen evolution and charge conservation is main-
tained. The current at Ecorr is known as Icorr, which is the rate at which the 
zinc will corrode when it is immersed in hydrochloric acid. Fig. 3.4 explains 
how the system moves from reversible potentials of zinc and hydrogen 
towards the corrosion potential.

The relationship between potential and current is given by Equation [3.6] 
for activation controlled processes:

E E
I

I
− = = ±corr

corr

η β log  [3.6]

Where E is the potential, η is commonly known as the overpotential, b 
is a constant known as the Tafel constant, I is the rate of oxidation or reduc-
tion in terms of current. Determination of Icorr, Ecorr, and I–E relationship 
is the underlying fundamental principle in calculating the corrosion rate by 
electrochemical polarization techniques.

Table 3.3 Galvanic series vs. EMF series

Galvanic series EMF series

List of metals and alloys List of metals ONLY
Tendency of corrosion of metals and alloys 

in a given environment (e.g., sea water)
Tendency of corrosion of 

metals in solution of its 
own ions at unit activity

Several galvanic series can be developed to 
represent corrosion tendency of metals 
and alloys in various environments

Only one series

Associated with ‘corrosion potential’ Associated with 
equilibrium ‘redox 
potential’ or ‘reversible 
potential’

Note: There has been some confusion in the corrosion literature on the use of 
term ‘open-circuit potential’. Some references use the term ‘open-circuit potential’ 
to represent ‘corrosion potential’ or others to represent ‘equilibrium potential’.
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3.4 Electrochemical polarization techniques 

for determining corrosion rates

There are several methods by which the I–E relationship is established. 
These involve application of an electrochemical excitation to an electrode 
and measure the response of the electrode to that excitation. When 
the excitation is given, because the electrode moves away from the 
corrosion potential, the electrode is said to be polarized and hence these 
methods are called polarization methods of determining corrosion 
rates.

If the potential of an electrode is controlled and the response of current 
is monitored then the method is called potentiostatic. If the potential of the 
electrode is varied at a constant rate and the response of the current is 
continuously monitored then the method is called potentiodynamic. On the 
other hand, if the current of an electrode is controlled and the response of 
the potential is monitored then the method is called galvanostatic. If 
the current of the electrode is varied at a constant rate and the response 
of the potential is continuously recorded then the method is called 
galvanodynamic.

Most electrochemical measurements are conducted by controlling the 
potential (potentiostatic or potentiodynamic) rather than by controlling 
the current (galvanostatic or galvanodynamic), because of the theoretical 
relationship between potential and energy. The most common electrochem-

10–12
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3.4 Electrode kinetic behaviour of zinc in acid solution – schematic. 
Used with permission from Fontana and Greene.2
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ical methods for determining general corrosion rates are polarization resist-
ance (Rp) and Tafel extrapolation. In some studies very high values of 
potentials are applied and also the direction of the potential is reversed to 
study localized corrosion (cyclic potentiodynamic polarization). Character-
istics of different electrochemical polarization techniques are presented in 
Table 3.4.

3.4.1 Polarization resistance method

About 50 years ago, Stern and Geary4 found that the slope of current–
potential plot around the corrosion potential is essentially linear; the slope 

Table 3.4 Characteristics of different electrochemical polarization techniques

Polarization 
method

Typical 
measurement

Information 
obtained

Type of 
corrosion 
studied

Relevant 
standards

Polarization 
resistance

Application of ± 
30 mV (typically 
± 10 mV) around 
corrosion 
potential

Corrosion current 
(Icorr)

General 
corrosion

ASTM G3, 
ASTM 
G5, 
ASTM 
G59, 
ASTM 
G102

Tafel extrapolation Application of an 
overpotential of 
+500 mV both in 
anodic and 
cathodic 
directions, from 
corrosion 
potential

Corrosion current 
(Icorr), and Tafel 
slopes (anodic 
and cathodic)

General 
corrosion

ASTM G5, 
ASTM 
G102

Cyclic 
potentiodynamic 
polarization

Application of 
overpotential 
from corrosion 
potential towards 
noble direction 
to a potential at 
which current is 
5 mA, where the 
potential is 
reversed and 
scanned until 
hysteresis loop 
is completed or 
until corrosion 
potential is 
reached

Critical pitting 
potential, 
passive 
current, 
transpassive 
region

Pitting 
corrosion

ASTM G5, 
ASTM 
G61 
ASTM 
G102
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Table 3.4 Continued

Polarization 
method

Typical 
measurement

Information 
obtained

Type of 
corrosion 
studied

Relevant 
standards

Cyclic 
galvanostatic 
polarization

Application of 
current steps 
(typically in 
20 µA/cm2 
increments 
between 0 to 
120 µA) both in 
anodic and 
cathodic 
directions

Protection 
potential (Eprot) 
and breakpoint 
potential (Eb)

Pitting 
corrosion

ASTM 
G100

Potentiostatic 
polarization

Application of one 
potential step 
(typically to 
700 mV vs SCE)

Change of 
current with a 
variable e.g., 
temperature 
(determination 
of critical 
pitting 
temperature)

Pitting 
corrosion

ASTM 
G150

Application of 
potential step to 
a more positive 
potential (above 
Eb), and stepping 
it down to a less 
positive potential 
(below Eb)

Protection 
potential and 
breakpoint 
potential

Pitting 
corrosion

ASTM 
F746

Galvanic corrosion 
rate

Immersion of two 
dissimilar metals 
in an electrolyte 
and electrically 
connecting them 
using zero-
resistance 
ammeter

Galvanic current Galvanic 
corrosion

ASTM 
G71 
and 
ASTM 
G82

of which is called polarization resistance (Rp). Rp is defi ned mathematically 
as Equation [3.7]:

R
V
I E

p

corr

= 





∆
∆

 [3.7]

Rp is related to corrosion current (Icorr) as in Equation [3.8]:

I
B
R

corr
p

=  [3.8]
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3.5 Hypothetical linear polarization resistance plot. Used with 
permission from ASTM G3.3

The constant B is defi ned in Equation [3.9]:

B = ⋅
+( )

β β
β β

a c

a c2 303.
 [3.9]

where ba and bc are anodic and cathodic Tafel constants.
By combining Equations [3.7]–[3.9], we obtain Equation [3.10]:

I
R

corr = ⋅
+( )







1
2 303P

β β
β β

a c

a c.
 [3.10]

If ba and bc values are known the corrosion rate can be calculated from 
Rp.

Because only a very small perturbation potential (less than ±30 mV, typi-
cally ±10 mV) is applied, this technique does not interfere with corrosion 
reactions. A typical polarization resistance plot is presented in Fig. 3.5.3 
From the slope, Rp (in ohms/cm2 if the current density is plotted or in ohms 
if the current is plotted) is calculated.

It should be noted that the i–E curve around corrosion potential may not 
be linear. Also, the curve in the anodic and cathodic regions may or may 
not be symmetrical. The symmetrical i–E curve is obtained only when both 
ba and bc are equal.

ba and bc values that are required to calculate corrosion current could 
either be determined by the Tafel extrapolation method (discussed in 
Section 3.4.2) or could be assumed. Typical values of B, ba, and bc are 
presented in Table 3.5.5 For majority of cases the values of b fall between 
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60 and 120 mV. Therefore in many instances a value of 120 mV is assumed 
for both ba and bc. Consequently Equation [3.10] may reduce to Equation 
[3.11]:

I
R

corr
p

=
26

 [3.11]

The error in determining corrosion current using Equation [3.11] is pre-
sented in Fig. 3.6. In Fig. 3.6 negative error values indicate that the actual 

Table 3.5 Values of constant ‘B’ for the polarization resistance method. Used 
with permission from Treseder et al.5

Corroding system ba, mV bc, mV B, mV

Theoretical 30 30 6.5
(Values of B calculated from arbitrary ba 

and bc values using formula on 
previous page; ba and bc values can be 
interchanged).

30 60 9
30 120 10
30 180 11
30 x 26
60 60 13
60 90 16
60 120 17
60 180 20
60 x 26
90 90 20
90 120 22
90 180 26
90 x 39
120 120 26
90 x 39
120 120 26
120 x 52
180 180 39
180 x 78

Iron, 4% NaCl, pH 1.5 – – 17
Iron, 0.5 N H2SO4, 30 °C – – 17
Iron, 1 N H2SO4 – – 10–20
Iron, 1 N HCI – – 18–23
Iron, 0.02 M citric acid, pH 2.6, 35 °C – – 12
Carbon steel, seawater 57 x 25
Carbon steel, 1N Na2SO4, H2, pH 6.3, 30 °C – – 19
304 L SS, 1 N H2SO4, O2 Inf. 50 22
304 SS, lithiated water, 288 °C 85 160 24
304 SS, 3% NaC1, 90 °C Inf. 50 22
430 SS 1 N H2SO4, H2, 30 °C – – 20
600 alloy, lithiated water, 288 °C 82 160 24
Al 1199, 1 N NaC1, pH 2, 30 °C – – 44
Aluminium, seawater 45 600 18
Zircaloy 2, lithiated water, 288 °C Inf. 186 81
OFHC Copper, 1 N NaC1, H2, pH 6.2, 30 °C – – 26
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corrosion rate is higher than the one determined by polarization resistance 
method and positive error values indicate that actual corrosion rate is lower 
than the one determined by polarization method. Equation [3.11] may not 
be very accurate but it provides a rapid method of determining corrosion 
current.

Rp measurements can be obtained by the potentiodynamic method or by 
the step-wise potentiostatic polarization method. In both methods the cor-
rosion potential is fi rst measured, typically for one hour (during which time 
corrosion potentials of most electrodes are stabilized) or until it is stabi-
lized. After that, a potential step, at increments of ±5 or ±10 or ±20 mV, is 
applied (potential-step method) or the potential is scanned at a constant 
rate (typically 60 mV/h) (potentiodynamic method). In both methods, the 
experiment is started at the negative potential, moving on to the positive 
potential through the corrosion potential. From the slope of the plot of the 
potential–current, Rp is determined.

The advantages of the polarization resistance method include:

• The corrosion current is measured rapidly, typically within a few minutes 
and hence this technique can be used as an online monitoring 
technique.

• Only very small amounts of potential are applied (less than ±30 mV, 
typically less than ±10 mV), hence the corrosion rate is not affected due 
to measurements.

• This technique can be used to measure low corrosion rates (less than 
0.1 mil/yr (2.5µm/yr)).

• Measurements can be taken repeatedly.
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3.6 Percentage error in calculating icorr assuming a B value of 26.
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ASTM G33 provides a convention for reporting and displaying electro-
chemical corrosion data. ASTM G56 provides details of instruments and 
materials and ASTM G597 describes an experimental procedure required 
to carry out polarization resistance measurement.

3.4.2 Tafel extrapolation method

About 100 years ago, Tafel found that a linear relationship between E and 
log I exists if an electrode is polarized to suffi ciently large potentials, both 
in anodic and cathodic directions.8 The regions in which such relationships 
exist are known as Tafel regions. Mathematically this relationship is given 
as Equation [3.12]:

I I= −( ){ }− − −( ){ }



corr

corr

a

corr

c

exp
.

exp
.2 303 2 303E E E E

β β
 [3.12]

Where I is the current, Icorr is the current at corrosion potential Ecorr, E is 
the applied potential, Ecorr is the corrosion potential, ba and bc are Tafel 
constants which are anodic and cathodic slopes of E-log I plots in the Tafel 
regions. Corroding metals that show Tafel behaviour when polarized will 
exhibit a plot similar to the one shown in Fig. 3.7.3

The difference between E and Ecorr is called overpotential, h. At suffi -
ciently larger values of h (typically between 100 and 500 mV), in the anodic 
direction, i.e., ha, Equation [3.12] becomes Equation [3.13]:

η βa a
corr

= log
I

I
 [3.13]

Similarly at suffi ciently large hc (in the cathodic direction), Equation [3.12] 
becomes Equation [3.14]:

η βc c
corr

= − log
I

I
 [3.14]

In cases where Tafel regions are observed, Icorr can be determined by the 
extrapolation of either anodic or cathodic or both Tafel regions to Ecorr, as 
illustrated in Fig. 3.7.

Tafel extrapolation measurements can be performed either by the poten-
tiodynamic method or by the step-wise potentiostatic polarization method. 
As in Rp measurements, in both methods corrosion potential is fi rst meas-
ured, typically for one hour (during which time corrosion potentials of most 
electrodes are stabilized) or until it stabilizes. After that, the potential step 
– at increments of ±25 or ±50 or ±100 mV, every 5 minutes, recording the 
current at the end of each 5-minute period – is applied (potential-step 
method) or the potential is scanned at a constant rate (typically 0.6 V/h) 
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(potentiodynamic method). In both methods, the experiment is started at 
the corrosion potential and the cathodic polarization is fi rst conducted by 
applying an overpotential of approximately 500 mV or until gas (e.g., hydro-
gen) evaluation occurs at the electrode, at a constant rate of 0.6 V/h. After 
that the corrosion potential is measured again (typically for an hour), and 
then anodic polarization is conducted by applying an overpotential so that 
the potential at the end of the anodic polarization is +1.6 V vs SCE. Tafel 
plots are generated by plotting both anodic and cathodic data in a semi-log 
paper as E–log I. From the plot, three values are determined: the anodic 
Tafel slope, the cathodic Tafel slope and Icorr (from back-extrapolation of 
both anodic and cathode curves to Ecorr). The main advantage of this method 
is that it provides a simple, straightforward method to determine Tafel 
constants.

This method applies a large overpotential to the metal surface therefore 
it is considered as destructive. This is particularly true during anodic polari-
zation during which the metal surface may be permanently changed/
damaged. For this reason it is not used as a monitoring technique in the 
fi eld. However, ASTM G5 provides a procedure to construct an anodic 

Tafel slope ba

Tafel slope bc
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polarization plot. It does not provide a procedure to construct a cathodic 
polarization plot nor a procedure to determine Icorr by the Tafel extrapola-
tion method.6

3.4.3 Cyclic potentiodynamic polarization

The cyclic potentiodynamic polarization method is used qualitatively to 
understand the pitting corrosion tendency of metals and alloys. In this 
method the potential is scanned in the noble direction, monitoring the 
current continuously until it reaches 5 mA, at which point, the scan direction 
is reversed (i.e., scanned in the active direction), until the hysteresis loop 
closes or until the corrosion potential is reached. The results are plotted as 
E–log I, as in the Tafel extrapolation method. A plot of representative 
polarization curve generated by this method is shown in Fig. 3.8.

Initiation of localized corrosion is determined by the potential at which 
the anodic current increases rapidly. The more noble this potential, the 
less susceptible is the alloy to initiation of localized corrosion. In general, 
once initiated, localized corrosion can propagate at some potential more 
electropositive than that at which the hysteresis loop is completed. The 
potential at which the hysteresis loop is completed is determined at 
a fi xed scan rate. The more electropositive the potential at which the 
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3.8 Representative cyclic potentiodynamic polarization curves. Used 
with permission from ASTM G61.9
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hysteresis loop is completed the less likely it is that localized corrosion 
will occur.

The polarization curves shown in Fig. 3.8 indicate that initiation and 
propagation of localized corrosion occurs at potentials more electronegative 
than the oxygen evolution potential on sample S30400. The curve for sample 
N10276 does not show any hyteresis indicating localized corrosion does not 
occur on this sample, but uniform corrosion in the transpassive or oxygen 
evolution region may occur. Assuming that the corrosion potentials of both 
metals are similar, these curves indicate that sample N10276 is more resistant 
to initiation and propagation of localized corrosion than sample S30400.

Some other parameters that can be determined from the potentiody-
namic polarization curves (Fig. 3.9) are the primary passivation potential 
(Epp, potential positive to which passive surface layers are formed), the 
critical current density (Icc, minimum current required before surface layers 
are formed), the breakdown potential (Eb, potential positive to which 
passive surface layer is destroyed and transpassive region starts), the pro-
tection potential (Eprot, potential at which passive layers are stable and 
protective), passive current (Ip, current of the electrode in Eprot) and the 
area of the hysteresis loop. Many of these parameters determined are based 
on empirical observations. As with any empirical method, it is beset with 
many questions about the extent of its validity. The results obtained by this 
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localized corrosion parameters. Used with permission from ASTM G3.3
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method can be function of scan rate, pit size or depth, polarization curve 
shape and specimen geometry. Therefore the results should be considered 
as qualitative rather than quantitative.

ASTM G61 provides a procedure for conducting cyclic potentiodynamic 
polarization measurements.9

3.4.4 Cyclic galvano-staircase polarization

Susceptibility to localized corrosion of metals is indicated by a protection 
potential (Eprot), which can be determined by cyclic galvano-staircase polar-
ization (CGSP). The more noble the Eprot is, the less susceptible is the metal 
or alloy to initiation of localized corrosion. When the applied potential is 
more negative than Eprot, no pits are initiated and when the applied poten-
tial is more positive than Eprot pits are initiated even when the applied 
potential is less than Eb.

In this method a current staircase signal from 0 to 120 µA/cm2 is applied 
using a step height of 20 µA/cm2 and step duration of 2 min and then the 
current-step is reversed and stepped back to 0-current, at the same step-
increments (i.e., 20 µA/cm2) (Fig. 3.10). The current staircase may be gener-
ated manually, but use of a computer controlled commercial potentiostat 
increases accuracy. The potential transients are recorded at every current-
step. The step-up points are extrapolated to zero current to obtain Eb. 
Similarly the step-down points are extrapolated to zero current to obtain 
Eprot.

The advantage of the method is that it provides a quick way to determine 
susceptibility to initiation of pit initiation. However this technique does not 
provide information on pit propagation. The technique can only be used as 
qualitative technique. Because sensitive instrumentation is required to 
conduct the experiment, it cannot be routinely used for all alloys.

A procedure for conducting CGSP to determine susceptibility to local-
ized corrosion is provided in ASTM G100.10 This test method also describes 
a procedure that can be used to check for one’s experimental technique 
and instrumentation. In the round robin experiment conducted (to develop 
ASTM G100) using aluminium alloy 303-H14 (UNS A93003), it was found 
that Eb (−636 mV vs SCE) is more electropositive than Eprot (−652 mV vs 
SCE).

3.4.5 Potentiostatic polarization

There are several ways in which potentiostatic polarization experiments are 
conducted. In one method only one potential step is applied and the varia-
tion of current is monitored. For instance, in a procedure to evaluate resist-
ance of stainless steel and related alloys to pitting corrosion, the potential 
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is stepped and held constant at 700 mV (or other suitable potential) and the 
variation of current is monitored as a function of other changes (e.g., tem-
perature variation). ASTM G150 covers a procedure for the evaluation of 
the resistance of stainless steel and related alloys to pitting corrosion, using 
this method to determine critical pitting temperature.11

In another procedure the potential is fi rst stepped to a higher value and 
the current is monitored (this potential is set at a high enough value to 
induce and grow stable pits). The potential is then stepped down and the 
current monitoring continued. In this method, in order to induce pits, 
the initial potential should be stepped more electropositively than Eb 
so that the second potential applied is above Eprot, and pit propagation is 
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sustained. For this reason the technique cannot be used independently 
without results from other techniques and prior knowledge of the alloy and 
metal behaviour. ASTM F746 provides a test procedure for this type of 
measurement.12

3.4.6 Galvanic corrosion rate

When two dissimilar metals in electrical contact are exposed to a common 
electrolyte, one of the metals can undergo increased corrosion while the 
other can undergo decreased corrosion. This type of corrosion is known as 
galvanic corrosion.

A simple method of determining the galvanic corrosion rate involves 
immersing two dissimilar metals in an electrolyte and electrically connect-
ing the materials together using a zero-ammeter to measure the resulting 
current as a function of time. ASTM G71 provides a guide for conducting 
and evaluating galvanic corrosion tests both in the laboratory as well as in 
the fi eld.13 ASTM G82 covers the development of a galvanic series and its 
subsequent use as a method of predicting the effect that one metal can have 
upon another metal when they are in electrical contact while immersed in 
an electrolyte.14

3.5 Conversion of Icorr into the corrosion rate

Corrosion current values obtained from galvanic current measurement, 
polarization resistance and Tafel extrapolation methods should be con-
verted into the corrosion rate. For this reason it should be assumed that 
the current distribution is uniform across the area used in the calculation. 
With this assumption the current value is divided by the surface area as 
shown in Equation [3.15]:

i
I
A

corr
corr=  [3.15]

where icorr is the current density (µA/cm2), Icorr is the current (µA), and A 
is the exposed specimen area, cm2. Other commonly used units for current 
are mA and A. Based on Faraday’s law the corrosion rate (CR) Equation 
[3.16] or mass loss rate (MR) Equation [3.17] can be calculated as:

CR EW= 



K1

ρ
ρ
corr

 [3.16]

MR EW= ⋅ ⋅K i2 corr  [3.17]

where CR is given in mm/y, icorr in µA/cm2, K1 is 3.27 × 10−3 and  has
units of mm g/µA cm y, ρ is the density g/cm3. MR is given in g/m2, K2 
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is 8.954 × 10−3 g cm2/µA m2 d and EW is the equivalent weight. Other 
values for K1 are given in Table 3.6.15

Equivalent weight EW is the mass in grams that will be oxidized by the 
passage of one Faraday (96 489 C (amp-sec)) of electric charge. For pure 
elements EW is given as Equation [3.18]:

EW =
W
n

 [3.18]

Where W is the atomic weight of the element and n is the number of elec-
trons required to oxidize an atom of the element in the corrosion process, 
i.e., the valence of the element. To calculate EW of alloy the following 
formula is used:

EW =
∑

1
n f
w
i i

i

 [3.19]

Where ni is the valence of the ith element of the alloy; wi is the atomic 
weight of the ith element of the alloy, and fi is the mass fraction of the ith 
element of the alloy.

Calculation of EW of alloys may create two problems:

• It is assumed that the process of oxidation (corrosion) is uniform and 
does not occur selectively for any component of the alloy. If this is not 
true then the calculation should be adjusted.

Table 3.6 Constants to convert corrosion current into penetration rate and 
mass loss rate. Used with permission from ASTM G10215

A

Penetration rate unit (CR) Icorr unit ρ unit Kt Units of K1
a

mpy µA/cm2 g/cm3 0.1288 mpy g/µA cm
mm/yrb A/m2b kg/m3b 327.2 mm kg/A m y
mm/yrb µA/cm2 g/cm3 3.27 × 10−3 mm g/µA cm y

B

Mass loss rate unit Icorr unit K2 Units of K2
a

g/m2db A/m2b 0.8953 g/Ad
mg/dm2d (mdd) µA/cm2 0.0895 mg cm2/µA dm2 d
mg/dm2d (mdd) A/m2b 8.953 × 10−3 mg m2/A dm2 d

a EW is assumed to be dimensionless.
b SI unit.
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• Valance assignments for elements that exhibit multiple valences can 
create uncertainty. It is best if an independent technique is used to 
establish the proper valence for each alloying element.

ASTM G102 provides details of calculating corrosion rate from corrosion 
current determined by polarization techniques.15

3.6 Measurement of corrosion rate by polarization 

methods in the laboratory

Measuring the corrosion rate in the laboratory requires two basic compo-
nents: a laboratory methodology, to simulate corrosive conditions and a 
monitoring technique to measure the corrosion rate simulated by the labo-
ratory methodologies. The monitoring techniques by themselves do not 
(and more importantly should not) alter the corrosion rate. One of the 
greatest advantages of using electrochemical polarization experiments is 
that they provide quick, easy and relatively straightforward results in a 
short period of time.18–30

Various laboratory methodologies in which electrochemical polarization 
techniques are used as monitoring technique are listed in Table 3.7.18,30 
The list of laboratory methodologies in Table 3.7 is not extensive, but is 

Table 3.7 Laboratory methodologies in which electrochemical polarization 
method is used as the monitoring technique

Laboratory 
methodology

Variables simulated in the 
laboratory methodologies Relevant standards

Electrochemical 
polarization cell 
(Fig. 3.11).

Composition (of material and 
environment) and 
temperature

ASTM G5

Kettle or bubble test Composition (of material and 
environment) and 
temperature

NACE 1D19616

Rotating disk 
electrode (RDE)

Composition (of material and 
environment), 
temperature, and velocity

NACE 5A19517

Rotating cylinder 
electrode (RCE)

Composition (of material and 
environment), 
temperature, and velocity

NACE 5A195,17 
ASTM G170, 
ASTM G185

Jet impingement 
(JI)

Composition (of material and 
environment), 
temperature, and velocity

NACE 5A195,17 
ASTM G170

High-pressure 
versions of RDE, 
RCE and JI

Composition (of material and 
environment), 
temperature, pressure and 
velocity

ASTM G170, ASTM 
G184, ASTM 
G185
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provided only for illustration. A basic laboratory methodology in which the 
electrochemical polarization technique is used as monitoring technique is 
given in Fig. 3.11.6 In addition to accessories required to build the labora-
tory methodology, other accessories to perform electrochemical polariza-
tion techniques include: working electrode (metal whose corrosion rate to 
be determined), counter electrode, reference electrode, conducting electro-
lyte (i.e., environment), potentiostat, potential-measuring instrument, 
current-measuring instrument and Luggin capillary with salt bridge connec-
tion to reference electrode. Before proceeding to understand these compo-
nents we should understand why we need three different electrodes to 
conduct electrochemical polarization measurement.

Auxiliary
electrode

holder

Gas inlet

Gas outlet

Thermometer

Salt bridge
connection

Probe

Working
electrode

3.11 Schematic diagram of a laboratory experimental setup in which 
an electrochemical polarization method is used as the monitoring 
technique. Used with permission from ASTM G5.6
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Recollect that potential of a single electrode cannot be measured; only the 
difference between two electrodes can be measured. Therefore we need at 
least two electrodes to conduct electrochemical polarization measurement. 
During polarization measurement a potential or current is impressed on 
these electrodes, and as a consequence the potentials of both the electrodes 
move from their respective corrosion potentials. The potential difference 
measured between these two electrodes (working electrode and reference 
electrode) then includes the value of the two overpotentials. But we are 
interested in the polarization of only one electrode (working electrode). To 
resolve this issue another electrode, auxiliary or counter electrode is used. 
During electrochemical measurements, this counter electrode gets polar-
ized in the opposite direction to the working electrode, i.e., if the working 
electrode is polarized in the noble direction, the counter electrode is polar-
ized in the active direction. A standard reference electrode (Table 4.1) is 
connected to the working electrode through a high-impedance voltmeter. 
This arrangement prevents any current passing through the reference elec-
trode. Therefore the reference electrode is not polarized.

3.6.1 Working electrode

This is the primary electrode whose corrosion rate is being measured. Care 
should be taken that this electrode is properly prepared and mounted 
(without any crevice). A simple method in which the working electrode is 
mounted is shown in Fig. 3.12. A leak-proof assembly is obtained by the 
proper compression fi t between the electrode and an insulator gasket.

3.6.2 Counter electrode

Auxiliary or counter electrode is usually made up of inert materials, e.g., 
platinum or graphite. Generally two auxiliary electrodes or one large sheet 
of one auxiliary electrode is used. The auxiliary electrode is mounted in the 
same way as that of the working electrode.

3.6.3 Reference electrode

Reference electrodes should have stable and reproducible potential. Refer-
ence electrodes used are preferably reversible type electrodes. In a revers-
ible electrode a small cathodic current produces the reduction reaction, 
while a small anodic current produces the oxidation reaction. Several com-
monly used reference electrodes and their reversible potential relationships 
are provided in Table 3.2. An SCE reference electrode with a controlled 
rate of leakage (about 3 µL/h) is recommended by ASTM G5 standard. This 
type of electrode is durable, reliable and commercially available. The 
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Mounting nut

Spacer

Electrode holder

Mounting rod

Test specimen

TFE-Fluorocarbon compression
gasket

3.12 Schematic diagram of an electrochemical specimen mounted on 
a holder. Used with permission from ASTM G5.6
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potential of reference electrode should be checked at periodic intervals to 
ensure the accuracy of the reference electrode.

Sometimes the reference electrode is placed in a separate vessel and is 
connected to the working electrode through the Luggin capillary with a salt 
bridge. This arrangement minimizes contamination of the reference elec-
trode from the products of corrosion reactions (Fig. 3.13). This arrange-
ment requires special care and precaution.

3.6.4 Electrolyte

The basic requirement of any electrochemical measurement is a reasonably 
conducting (low-resistivity) electrolyte. Electrolytes with low-conductivity 

Salt-bridge prose

Potentiostat

Working

Auxiliary Reference

Polarization
cell

A
U
X

W
E

S
C
E

Reference
cell

3.13 Schematic diagram of a setup to connect a reference electrode to 
an electrochemical cell through a salt-bridge.
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produce erroneously low corrosion rate, because their resistance (solution 
resistance, Rs) is added to the polarization resistance (Rp) during measure-
ment. If in doubt the resistivity or conductivity of the electrolyte should be 
determined. ASTM D1125 describes test methods for electrical conductiv-
ity and resistivity of water.19 Guidelines on the operating range of solution 
conductivity in which the electrochemical polarization (Rp) method can be 
conducted is provided in Fig. 3.14.

3.6.5 Potentiostat

This is the instrument that maintains the potential of the working elec-
trode. Most of the corrosion reactions occur between −2 to +2 V potential 
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3.14 Guidelines on the operating range for polarization resistance. 
Used with permission from ASTM G96.
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range and between 1 to 106 µA current range. Therefore the instrument 
should have a suffi cient range of potential and current to supply them on 
a standard electrode type and shape. Modern computer-controlled poten-
tiostats, with user-friendly software, have multiple functions, including 
applying potential, monitoring current, storing data, analysing data and 
producing trend.

3.7 Measurement of corrosion rate by polarization 

methods in the fi eld

Because polarization resistance method has the advantage of providing 
corrosion rate measurement within minutes and it does not affect the on-
going corrosion rates, this method is the most widely used in the fi eld. All 
other polarization methods are invariably used only in the laboratory.

When compared with conducting polarization measurements in the lab-
oratory, using polarization resistance method in the fi eld requires several 
changes. Table 3.8 compares the main differences.

Several confi gurations of probes are used. Modern methods of introduc-
ing and retrieving probes under pressure and temperature are available. 
Some commonly used probe designs are presented in Figs. 3.15 and 3.16.20–23 
It is necessary to place the probes in the most corrosive spot in the system. 
For instance, referring to Fig. 3.16, measurements using probes 5 and 6 are 
not relevant, as they may be in the oil or gas phase. Placing the probes in 
those locations is relatively easy from the operational standpoint, but the 
results obtained from those probes are irrelevant or erroneous. Recording 
Rp measurements using probes 1 and 2 is most relevant because the probes 

Table 3.8 Main differences in using polarization resistance method in the 
laboratory and in the fi eld

Rp parameter Laboratory Field

Auxiliary electrode Platinum or graphite – 
two electrodes

Normally made of the 
same material as that 
of working electrode

Reference electrode Standard reference 
electrode (reversible). 
See Table 3.1

Normally made of the 
same material as that 
of working electrode

Tafel constants Determined by Tafel 
extrapolation method

Normally assumed

Luggin capillary Used Not used
Corrosion potential Measured and reported 

against standard 
reference electrode

Only stable values are 
noted.
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(a)

(b) (c) (d)

3.15 Schematic diagram of a typical three-electrode polarization 
resistance probe (a) for determining the corrosion rate in the fi eld and 
installation of such a probe in pipe fi tting (b), in weld line (c), and in 
pipe tee (d). Used with permission from ASTM Handbook.20

5,6

3,4

1,2

5,6

3,4

1,2

5,6

3,4

1,2

3.16 Photo of a 3-tree holder to mount a 6-coupon assembly in an 
operating fi eld. Note: the numbers shown in the fi gure are the coupon 
identifi cation numbers.
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are in the brine solution (high conductivity). When probes 3 and 4 are used, 
one should make sure that they are indeed in the conducting brine phase 
during the entire time that the Rp measurements are conducted.

One other precaution that should be considered in using the probes in 
the fi eld is the ability to directly make electrical connections from the 
probes to the measuring instrument. These connections must be insulated; 
sometimes installation of such a system may be costly.

3.8 General limitations of polarization methods 

of determining the corrosion rate

As with any other techniques electrochemical polarization techniques also 
have advantages and disadvantages. In this section the shortcomings of 
electrochemical techniques, methods to overcome the shortcomings and 
caution that should be exercised when the shortcomings are unable to be 
addressed, are discussed.24–26

3.8.1 Solution resistance

The data obtained during electrochemical measurements should be directly 
relevant to corrosion. In all electrochemical polarization methods, either 
the current is applied and potential monitored or the potential applied and 
the current monitored. From these measurements polarization of the elec-
trode to the signal is determined (e.g., polarization resistance and Tafel 
slopes). In all the calculations the resultant resistance (R) is assumed to be 
related to corrosion. However the measured R is made up of two compo-
nents: Rs and Rp. It is assumed that the Rs, i.e. the solution resistance, 
is low (highly conducting solution), so that the measured R ∼ Rp. If the Rs 
value is appreciable that the measured corrosion rate will be underesti-
mated (because Rp is inversely proportional to corrosion rate, higher values 
of Rs exhibit a higher value of R). The error due to Rs in the Rp measure-
ment is normally signifi cant in systems with high corrosion rates and low 
conductivity.

3.8.2 Scan rate

The electrode (i.e., corroding element) can be considered as a capacitor. A 
capacitor is an electrical device that can store energy in the electric fi eld. 
When voltage or potential is applied to the capacitor, it builds up an electric 
charge. The amount of charge stored in a capacitor is measured in terms of 
capacitance. When a potential is applied at a higher rate, the electrode’s 
charge build-up is higher. Thus the measured current will have a higher 



80 Techniques for corrosion monitoring

component of capacitance current rather than a current resulting from the 
corrosion process. The current associated with the corrosion process is 
known as the Faraday current. The relationship between the measured 
current, capacitance current and the Faraday current (i.e., corrosion current) 
is given in Equation 3.20:

I I C
V
t

total F
d
d

= +  [3.20]

Where Itotal is the total current measured, IF is the Faradaic current associ-
ated with corrosion rate, C is the electrode capacitance, dV/dt is the scan 
rate (i.e., rate of change of potential as a function of time). From Equation 
[3.20], the error due to capacitance increases as the scan rate increases. As 
a result of this error the corrosion rate is overestimated. To minimize the 
error due to capacitance current, polarization experiments are conducted 
at lower scan-rate (typically 0.6 V/h).

3.8.3 Electrode-bridging

This error occurs mostly in the fi eld-monitoring probes when the products 
of corrosion reactions electrically connect the electrodes. This usually 
happens when the conductivity of the corrosion products are higher (e.g., 
FeS). As a result, component ‘E’ of the ACME is lost. This system behaves 
as an electric circuit rather than as an electrochemical corrosion system. 
When this problem is suspected the distances between the electrodes should 
be increased (see Fig. 3.16).

3.8.4 Presence of oxidation-reduction species

As a result of electrochemical excitation (either potential or current), if 
electrochemically active species are present in the electrolyte they prefer 
to undergo a reaction rather than a corrosion reaction. Under this condition 
measurement of corrosion rates from electrochemical techniques has no 
meaning.

3.8.5 Variation of corrosion potential

If the corrosion potential varies during electrochemical measurements, the 
results obtained are not meaningful. Therefore before conducting any elec-
trochemical measurement, the corrosion potential of the system should be 
monitored for a suffi ciently longer duration to establish that it is stable. If 
the corrosion potential does not stabilize then electrochemical techniques 
may not be used.
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3.8.6 Diffusion-controlled condition

In order to use electrochemical techniques for measuring corrosion, the 
reaction should be charge-controlled, i.e., the rate of the reaction is pro-
portional to the rate at which electron transfer occurs at the electrode–
electrolyte interface. If the charge-transfer rate is high, a situation is 
developed – usually near the cathode – when the reduction species is 
quickly depleted. At this stage the reaction rate is controlled by the rate of 
diffusion of species on to the cathode, i.e., diffusion-controlled corrosion, 
under which conditions the results from polarization methods are not 
accurate.

3.8.7 General corrosion only

Most electrochemical polarization parameters measured are related to the 
general corrosion rate only. Initiation and propagation of localized corro-
sion complicates the response of polarization measurements. Localized 
corrosion alters the chemistry of the solution locally. It also alters the elec-
trode geometry and the surface area – all of which results in a change in 
polarization response which is diffi cult to quantify. Qualitatively these 
effects are determined to some extent by cyclic potentiodynamic polariza-
tion (section 3.4.3) or by CGSP (section 3.4.4) methods.

3.9 Applications of polarization methods in the fi eld

The polarization resistance method is the only electrochemical technique 
widely used as an online monitoring technique in the fi eld. This method has 
been used in various fi elds for online monitoring including the oil and gas 
fi eld (for determining the corrosion inhibitor), pipelines (for determining 
the effect of cathodic protection), chemical processing plants (for monitor-
ing process changes), aircraft (for monitoring crevice corrosion and pipes), 
pulp and paper (for monitoring liquor composition effect on corrosion), 
and water handling systems (for identifying corrosion upsets).

The electrochemical polarization technique is used in many standard 
tests. For example in cathodic disbondment tests, to understand the com-
patibility between protective polymeric coatings and cathodic protection, 
the electrode sample is polarized, typically to −1.5 V vs SCE, and the result-
ant current is monitored.30

3.10 Future trends

Computers and computer-based information systems have revolutionized 
many fi elds. The growth of computer software and hardware technologies, 
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communication technologies, and the Internet have been phenomena for 
over a decade. Electrochemical techniques have also benefi ted from the 
application of computer-based systems and tools promoting automatic 
data collection, analysis and problem solving. Currently almost all elec-
trochemical monitoring instruments are computer controlled. Graphical 
user-friendly interfaces (GUI) and software packages enable electrochem-
ical measurements to be made easily and quickly as well as instantaneous 
analysis of results. Many constants, e.g., Tafel slope, equivalent weight of 
metals, surface area and conversions of corrosion current density to 
corrosion rate, can now be selected by the click of a button from a 
preloaded database. These advances currently make it possible to conduct 
electrochemical polarization methods repeatedly and continuously. As a 
result there are now systems available to conduct online, real-time 
measurements.

In the future, the electrochemical polarization probes will increasingly 
be used as online sensors in the fi eld, in addition to their traditional rule 
as laboratory monitoring tools. The advancements in information technol-
ogy and web-based knowledge sharing will make the amount of data 
collected using one sensor phenomena. The data collected will be inte-
grated in the decision-making process online. It is anticipated that 
the decision-making centres will in future be used to perform four 
functions:

1.  Interpret the data based on the signal provided from electrochemical 
polarization sensors.

2.  Predict future behaviour of the system in question.
3.  Trigger an action (the action triggered may include taking corrosion 

control measurement, e.g., addition of a corrosion inhibitor if 
the corrosion rate is high or adjusting the operating parameter, e.g., 
varying temperature, pressure, or shutting down the system where 
necessary).

4. Store the data in a suitable form and place for future reference.

Thus electrochemical sensors will function as the front-end of an intelligent 
system to monitor, model, mitigate, maintain and manage corrosion online 
and in real time. In the future the sensors will thus play a key rule in the 
Supervisory Control And Data Acquisition (SCADA) systems.

All automotive and fast systems have shortcomings. Caution should be 
exercised in using electrochemical polarization techniques; their advantages 
and limitations should be understood before they are used as sensors. When 
using the techniques it will serve best to the corrosion professionals to use 
at least two or more independent measurement techniques, preferably one 
electrochemical and one non-electrochemical, so that the limitations of one 
technique are compensated by the other.
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3.11 Further information

The purpose of this chapter is to provide an overview of the types of elec-
trochemical polarization techniques that might be used to understand cor-
rosion. The discussions provided are not exhaustive. They are meant to 
provide a fl avour of types of techniques available, how to use them, and 
what information can be obtained.

Several advances have been made in the fi eld of monitoring and new 
standards are developed every day. Most of the advances are published in 
corrosion journals (including those published by NACE Corrosion Journal, 
NACE Materials Performance, The Journal of the Electrochemical Society, 
British Corrosion Journal, and Corrosion Science), symposia (including 
those organized by ASTM, NACE, European Federation of Corrosion 
(EFC), books (including those published by ASTM, ASM, NACE and 
EFC), and standards (including those developed by ASTM G01 committee 
and NACE STG 62 committees). 
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4.1 Introduction to electrochemical noise

4.1.1 What is electrochemical noise?

Electrochemical noise (EN) is a generic term used to describe the fl uctua-
tions in potential and current that occur on a corroding electrode. EN is 
produced by the processes causing the corrosion (or other electrochemical 
reactions), and it has been a hope of corrosion researchers that its interpre-
tation would provide an understanding of the corrosion process that cannot 
be obtained by other means. So far this hope has not been completely 
realised, but some progress has been made, and the method has been used 
for corrosion monitoring. This chapter will review the development of our 
current understanding of EN, and the methods that have been used in cor-
rosion monitoring.

4.1.2 History of EN measurement

Any measurement of the potential of a corroding electrode or of the 
current to an electrode at a controlled potential will implicitly measure 
EN, in addition to whatever is being measured deliberately. However, it 
was only in 1968 that noise was seen as a possible source of information, 
rather than an ‘error’ in the measurement. The fi rst deliberate measure-
ment of EN for a corrosion system was made by Iverson,1 who recorded 
the electrochemical potential noise (EPN), and concluded ‘Investigations 
of these voltage fl uctuations appear to offer much promise for the detection 
and study of the corrosion process and for the study of corrosion inhibi-
tors’. At about the same time Tyagai2 examined EN from an electro-
chemical engineering perspective, and presented a relatively advanced 
interpretation of the expected characteristics of the noise. While it was 
not generally described as EN at the time, several workers, including 
Stewart et al.,3 recorded the fl uctuations in current associated with the 

86



 Electrochemical noise for corrosion monitoring 87

phenomenon of metastable pitting. This was thus probably the fi rst mea-
surement of electrochemical current noise (ECN). The next major advance 
came when Eden et al.4 realised that three electrodes could be used to 
make a simultaneous measurement of potential and current noise. By 
dividing the potential noise by the current noise (as the standard devia-
tions) a parameter with units of resistance, and consequently termed the 
electrochemical noise resistance, and commonly referred to as Rn, was 
obtained. The details of the derivation of this parameter and its signifi -
cance are discussed further below. The three-electrode measurement con-
fi guration has become the standard for EN measurements, although a 
number of attempts have been made to try to make an EN measurement 
on a single electrode, and thereby avoid some of the compromises that 
are inherent in the analysis of the conventional measurement. These are 
discussed further below.

4.2 Measurement of EN

At fi rst sight the measurement of EN is simple, and this has been promoted 
as an advantage of the method. However, considerable care is needed to 
obtain reliable measurements (early results should be viewed with some 
suspicion, as they were often seriously contaminated with noise from other 
than electrochemical sources).

4.2.1 Electrochemical potential noise

The measurement of EPN can be made either by recording the potential 
difference between a corroding electrode and a low-noise reference elec-
trode or the potential difference between two corroding electrodes. The 
latter technique has advantages for practical corrosion monitoring, although 
the results may be slightly more diffi cult to interpret as it is not possible to 
determine unequivocally which of the two electrodes is the source of the 
noise.

4.2.2 Electrochemical current noise

The measurement of ECN is normally made by measuring the current 
between two nominally identical electrodes. Alternatively it can be made 
by measuring the current drawn by a single electrode held at a fi xed poten-
tial. The fi rst method is simpler, as it avoids the requirement for a low-noise 
reference electrode and potentiostat, and it avoids questions about the 
effect of holding the working electrode at a fi xed potential, rather than 
allowing it to vary naturally.
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4.2.3 Simultaneous measurement of potential 
and current noise

If the ECN is measured as the current between two nominally identical 
working electrodes, the potential of this coupled working electrode pair can 
be measured with respect to a reference electrode or a third working elec-
trode. This permits the measurement of Rn as the standard deviation of 
potential divided by the standard deviation of current, and has become the 
conventional method of measurement of EN (see Fig. 4.1). There are dif-
ferences between the method using a reference electrode or a third working 
electrode; the former method is scientifi cally somewhat better, since it 
avoids complications associated with uncertainty as to whether the noise 
emanates from the reference electrode, but it requires a reliable reference 
electrode, which may be problematic in practical monitoring applications. 
Thus two working electrodes and a reference electrode are normally used 
in the laboratory, whereas the three similar electrode method is more 
common in corrosion monitoring.

4.2.4 Instrumental requirements

It is beyond the scope of this chapter to present a detailed description of 
the instrumentation aspects of the measurement of EN (see reference 5 for 
further information), but it is important that users are familiar with the 
requirements of reliable measurements, as there are many artefacts that 
can lead to erroneous results.

WE2 REWE1

A V

4.1 Three-electrode method of EN measurement.
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Potential measurement

Most electrical measuring devices are designed to measure voltage, and at 
fi rst sight the measurement of EPN is simple. However, the amplitude of 
EPN is typically relatively low (less than 1 mV), and if a true reference 
electrode is used the average potential may be several hundred mV. Thus 
the measuring system should have a high sensitivity, and it may be benefi -
cial to offset the average dc level, either by subtracting a pre-defi ned value 
or by using a very low frequency high-pass fi lter to remove the dc. Any real 
voltage amplifi er (whether the input of the voltage measuring system or the 
input of a signal conditioning circuit used before the voltage measurement) 
will have a number of error and noise sources. The infl uence of these on 
the measurement will depend on the source impedance of the system being 
measured, and it is recommended that the performance of the measuring 
system should be checked using a dummy cell with properties similar to 
those expected for the real measurement (see Fig. 4.2).

Current measurement

In general current is measured as the voltage across a resistor. This resistor 
can be placed directly in the current path, but for the conventional ECN 
measurement this will inevitably lead to a voltage difference between the 
two working electrodes. While the resistor, and hence the voltage drop can 
be kept small, this in turn leads to diffi culties in the measurement of the 
voltage. Therefore it is normal to use a current amplifi er that produces a 
voltage output that is proportional to a current input, with (nominally) no 
voltage drop between the input terminals. Because of the latter property 
the device is normally called a zero resistance amplifi er (ZRA) in the cor-
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4.2 Dummy cell for measurement of instrument noise levels – all 
resistor values can be the same, and should be comparable to the 
impedance of the source being measured.
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rosion community. As with the voltage amplifi er, a real ZRA has a number 
of error sources, and the performance of the system should be checked 
using a dummy cell.

Filtering

EN is almost invariably analysed using computing techniques (though for 
monitoring application the computer may be embedded in the measuring 
instrument). Consequently it is necessary to sample the continuous, ana-
logue signal before digitising it to produce a sequence of numbers that can 
be handled by the computer. It is benefi cial to remove some signal frequen-
cies before the analogue signal is sampled. A low-pass fi lter (one that allows 
frequencies below a specifi ed value, known as the cut-off frequency, to pass, 
while removing higher frequencies) should normally be used to remove 
frequencies above the Nyquist frequency (half the sampling frequency, the 
maximum frequency that can be represented by the digitised output) to 
avoid the problem of aliasing. A high-pass fi lter (one that allows frequen-
cies above a specifi ed value to pass, while removing lower frequencies) can 
be used to remove the dc component of a signal and low frequency drift, 
although it is important to be aware that a high-pass fi lter with a low cut-off 
frequency can take a very long time to respond to step changes in the input, 
so a long settling time is needed after the fi lter is fi rst connected to a signal 
source.

Error sources

As well as the noise and other error sources associated with the potential 
and current amplifi ers, additional errors may arise as a result of artefacts 
in the signal-conditioning or digitisation process.

Aliasing

Aliasing occurs when the input signal contains frequencies above the 
Nyquist frequency for the analogue-to-digital converter. Once the signal 
has been sampled, it is impossible to distinguish components produced by 
aliasing of higher frequencies from real lower frequency information, so it 
is important to prevent aliasing from occurring by appropriate fi ltering or 
by the use of a digitisation method that automatically removes higher fre-
quencies. The most common problem with aliasing that can be easily 
detected is due to power-line interference, which will manifest itself as a 
peak in the power spectrum. However, the more insidious result of aliasing 
is erroneous, but apparently ‘normal’ data.



 Electrochemical noise for corrosion monitoring 91

Quantisation

Quantisation is the inevitable result of representing a value as a number 
with a fi xed number of decimal places. This leads to a step between succes-
sive possible values, producing a form of noise. Quantisation noise is appar-
ent in a plot of the time record as a set of clear discrete steps in the data 
(see Fig. 4.3). Quantisation noise is not too serious if the steps are small 
compared with the overall signal, but if the digital signal consists of only a 
few steps, then the resolution of the data acquisition system needs to be 
improved.

Interference

Interference is a result of voltages or currents produced by the coupling of 
electromagnetic radiation with the measuring circuit. Much interference 
will be induced by power cables, and will therefore consist of a sine wave 
(often quite distorted and hence containing higher harmonics) at the power 
line frequency (normally 50 or 60 Hz). Other sources of interference include 
inductive spikes due to switching of large currents (refrigerator on-off 
cycling is a common source in laboratories), and high frequency ac interfer-
ence due to radio frequency induction heaters and the like. Interference 
typically has a higher frequency than the regions of interest for EN mea-
surements, and it can therefore often be removed by fi ltering. However, it 
is best minimized by shielding the measurement system (e.g. by using a 
Faraday cage), by paying careful attention to the layout of signal cables and 
by avoiding ground loops.

4.3 Simulated time record showing quantisation noise with a 
quantization step size of 0.5.
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4.3 Alternative EN measurement methods

While the conventional three-electrode method is widely used, a number 
of modifi cations of this method have been proposed. All too often these 
methods have been developed on an ad-hoc basis, with no analysis of the 
underlying theory.

4.3.1 Methods using asymmetric electrodes

One class of method uses asymmetric electrodes, either through necessity 
(e.g. when making measurements on a straining electrode during stress cor-
rosion cracking studies), accident (as when studying painted samples, where 
it is almost inevitable that the samples will differ somewhat) or design.

The theoretical analysis of EN generation with asymmetric electrodes 
had been reported by Bautista et al.6 A key conclusion of this analysis is 
that it is not possible to determine all of the properties of the working 
electrodes (the impedance and current noise of each of the electrodes), as 
there are four unknowns and only two measured parameters. The solution 
to this problem is to arrange for the properties of one electrode to be 
known, so that the properties of the other electrode can be determined. 
However, this still does not provide a complete solution, as it tends to be 
diffi cult to measure both properties of the ‘unknown’ electrode. Thus one 
variant of the method uses a working electrode coupled to a low noise 
electrode that is nominally used to sense the current noise. In practice the 
sensing electrode is polarised by the potential noise of the working elec-
trode and the resultant current provides a measure of the impedance of the 
sensing electrode, and the impedance of the working electrode cannot be 
determined.

Benish et al.7 used working electrodes that were nominally identical, 
but they were maintained with a potential difference between them using 
a modifi ed ZRA. This was intended as a method of ensuring that all 
anodic transients emanated from one electrode in order to simplify the 
analysis. The method may achieve this, but a more important potential 
advantage may be the tendency to encourage pitting corrosion on the 
more positive electrode, thereby providing an early warning of possible 
problems.

Another method using deliberately asymmetric electrodes is that of Chen 
and Bogaerts.8 This uses a single working electrode, coupled to a platinum 
‘microcathode’, with the potential of the coupled electrode pair being mea-
sured against a conventional reference electrode. An analysis of the system 
appears to show that this confi guration can measure both the impedance 
and current noise of the working electrode, but it has been shown9 that the 
analysis is fl awed, and the confi guration is not recommended.
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A similar method has been used by Klassen and Roberge,10 who used a 
graphite electrode coupled to nickel aluminium bronze. This work uses a 
heuristic analysis to estimate the polarization resistance; based on the work 
of Bautista et al.,6 it is expected that the majority of the current noise will 
be produced on the metal electrode, and consequently the potential noise 
will be similar to that for the uncoupled metal electrode, but modifi ed by 
the galvanic connection to graphite, while the current noise will be the 
result of the potential noise acting on the impedance of the graphite elec-
trode. Thus the measured polarization resistance should be that of the 
graphite, and the net result is that the coupling to graphite serves only to 
degrade the potential measurement, without providing information of any 
relevance to the corrosion of the metal.

4.3.2 Switching methods

A problem with the conventional three-electrode method is the need to 
assume that the two working electrodes are similar. A number of workers 
have attempted to make near-simultaneous measurements of current and 
potential noise by switching between a current and a potential measuring 
confi guration. These attempts have often been fl awed by the treatment of 
the corroding metal electrode as a pure resistor, without taking capacitive 
and diffusional effects into account. Thus initial attempts switched rapidly 
between current and potential control. In this confi guration the current-
measuring part of the cycle, which necessarily imposes a controlled poten-
tial on the working electrode, effectively swamps any potential fl uctuations. 
Subsequent attempts have recognised this problem and switch more slowly 
(of the order of minutes per cycle or longer). In the latter case the measure-
ments are valid (providing a suffi cient settling time is allowed following the 
switch in the measurement confi guration), but there is a question about the 
stationarity of the system, especially in the presence of signifi cant changes 
in the connection of the system.

Two implementations of switching systems have been used 
commercially:

• The CorrElNoise method11 was fi rst reported in about 1996. It uses rapid 
switching (the actual switching frequency is unclear from the manu-
facturer’s web site, but appears to be of the order of 10 Hz) between 
current and potential measurement between two nominally identical 
electrodes. The analysis presented is based on the treatment of the cor-
roding system as a voltage noise source in series with a purely resistive 
impedance, with no account taken of the capacitive character of the 
electrodes. Based on the analysis above, it seems questionable whether 
the measured potential noise is of any value.
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• In 2005 a method of switching between current noise and potential noise 
measurement was patented by Gill et al.12 This uses a relatively long 
switching cycle (of the order of 30 minutes), with an EPN time record 
for a single electrode fi rst being monitored in open-circuit conditions, 
and then switched to potentiostatic control at the free corrosion poten-
tial (at the time of switching – this will include a contribution of the 
potential noise) to measure an ECN time record. The method appears 
sound from a theoretical viewpoint, although the current and potential 
noise will not be correlated in time, so it is diffi cult to see that it offers 
a major advantage over the conventional method.

4.3.3 Combined noise and impedance measurement

An alternative approach to the problem of making noise measurements on 
a single electrode is to recognise that the only reason for measuring both 
current and potential noise is to permit the estimation of the impedance of 
the electrode. Consequently an alternative approach is to measure just the 
potential noise (which will provide an indication of the nature of the cor-
rosion, or the current noise can be inferred from the potential noise and 
the impedance), but at the same time to measure the impedance of the 
electrode at a single frequency by applying a low frequency current signal. 
This method was patented by Cottis,13 but has yet to be used in practical 
corrosion monitoring.

4.3.4 Testing EN instrumentation

In most cases EN instrumentation will be purchased from a commercial 
supplier, and should be of a high quality. However, there is a relatively 
complex relationship between the source of the noise and the errors induced 
by the measuring instrument, and this cannot easily be deduced from instru-
ment specifi cations (and it is rare for the specifi cation to give suffi cient 
information). Thus it is recommended that EN-measuring instrumentation 
should be tested to determine the level of instrument noise. This should be 
done using a dummy cell with impedance comparable to that expected in 
the real measurement. Even resistors produce a certain amount of thermal 
or Johnson noise – the dummy cell will produce a potential noise power 
spectral density (see below) of 4 kTR V2/Hz (where k is Boltzmann’s con-
stant, T the temperature in K, and R the resistance) and a thermal current 
noise power spectral density of 4 kT/R A2/Hz. These are the lowest levels 
of noise that can be detected – good instruments should be able to achieve 
these noise levels for high source impedances, but will probably not be able 
to do it for low source impedance. Most electronic devices also exhibit 1/f 
noise at low frequencies (typically below 1 Hz), so the instrument noise 
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usually also becomes more of a problem at the low frequencies that are 
often of interest for the interpretation of EN.

4.4 Interpretation of EN

4.4.1 Introduction

The fl uctuations that are measured as EN have been produced by the cor-
rosion process without any external infl uence, and it might therefore be 
supposed that it would be possible to obtain a lot of information about the 
corrosion process from the EN data. There have been many attempts to 
extract useful information from EN data. These have been successful in 
part, and it is usually possible to get a reasonably good indication of the 
rate of corrosion. A more challenging objective is to determine the type of 
corrosion occurring; some progress has been made in this, with parameters 
that give a reasonable indication of the tendency to localised corrosion 
having been developed, but only very limited success has been obtained in 
discriminating between different types of localised corrosion – see refer-
ence 14 for further information.

This section will present the various methods that have been used, with 
an emphasis on the techniques that are suffi ciently mature, and suffi ciently 
simple to interpret, for use in practical corrosion monitoring.

4.4.2 Direct examination of time records

The simplest method of interpretation of EN data (at least in terms of 
computational complexity) is direct examination of the potential and 
current time record. A number of properties can be derived from this:

• Metastable pitting will show as transients in potential and current. If the 
measurement uses a true reference electrode, all of the transients will 
be produced on one or other of the working electrodes, so the transients 
in current may go in either direction (depending on which working 
electrode the pit occurs), but the potential transient will always go in 
the negative direction, since the anodic transient from the pit will polar-
ize the cathodic reaction of the two working electrodes. Every current 
transient should be matched by a potential transient (if not, then the 
transient may be due to interference rather than being true EN). If the 
three working electrode method is used, then the behaviour is a little 
more complex. Pits on one or other of the two working electrodes 
should give a corresponding negative-going potential transient with a 
corresponding current transient. Pits on the electrode used as a refer-
ence electrode will give a positive-going potential transient, but no 
current transient.
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• The initiation period of crevice corrosion will give similar behaviour to 
metastable pitting (indeed it can be argued that it is metastable pitting). 
Stable crevice corrosion will typically lead to a signifi cant drop in the 
potential of the electrode with the crevice, and consequently a relatively 
large coupling current if the electrode is one of the current-measuring 
electrodes. Little work has been done on stable pitting corrosion, but 
this might reasonably be expected to exhibit similar behaviour.

• The initiation of stress corrosion cracks also gives transient events in 
current and potential, but these tend to diminish in amplitude as 
the cracks become longer and hence more effective at shielding the 
crack tip.

While direct examination of time records provides a relatively simple 
interpretation of the behaviour for systems showing clear independent 
transients, it becomes much less effective as the frequency of the corrosion 
events increases and transient events start to overlap. It is also dependent 
on interpretation by a skilled human, which makes it impractical for routine 
use in corrosion monitoring. However, it is commonly the primary method 
used to validate computational methods of interpretation. This may be 
considered as a weakness of most work on EN, in that it is rare for EN 
interpretation methods to be compared with anything other than other EN 
interpretation methods, notably direct examination of the time record. 
While unfortunate, this weakness is understandable, in that there are cur-
rently few alternative methods that provide the necessary sensitivity for the 
instantaneous detection of localized corrosion.

4.4.3 Statistical methods

A large class of methods (and almost all that are currently used in practical 
corrosion monitoring) are based on statistical analysis of the EN data. These 
methods treat the potential and current noise data as an unordered sample 
of values from a population. Note the word unordered, which means that 
the position of a particular value in a time record is not given any signifi -
cance, and nor is the correlation between the potential and current measured 
at a given time. It might be expected that the loss of the information present 
in the ordering of the data would limit the capability of these methods, but 
this is compensated for by the very effective data reduction (usually to only 
a few values), which makes subsequent interpretation relatively easy.

Mean current and potential

It is a moot point whether or not the mean potential or current can truly 
be regarded as EN, and some measurement methods explicitly remove this 
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by the use of a high-pass fi lter. However, the mean potential and current 
are usually measured, and they may contain useful information. Thus the 
mean potential of steel in concrete can provide an indication of whether or 
not corrosion is likely, and a mean current with a large absolute amplitude 
can be used as an indication that one electrode of a coupled pair is suffering 
from stable crevice or pitting corrosion.

Standard deviation of current and potential

The standard deviation is a direct indication of the amplitude of the fl uctua-
tions associated with the noise, and it is by far the most common parameter 
used in EN applications for corrosion monitoring, at least as the fi rst step 
in the analysis process.

A number of features of the standard deviation need to be 
appreciated:

• The magnitude of the standard deviation is dependent on the range of 
frequencies included in the measurement (usually described in terms of 
the bandwidth), with a larger bandwidth leading to a larger standard 
deviation. The exact dependence will be infl uenced by the shape of the 
power spectrum.

• Drift in the time record will also contribute to the standard deviation, 
and it may be appropriate to remove this, either by high pass fi ltering 
before sampling, or by digital fi ltering or linear trend removal applied 
to the digital time record.

• The standard deviation of current is normally expected to be propor-
tional to the square root of the specimen area, while the standard devia-
tion of potential is expected to be inversely proportional to the square 
root of the specimen area. These relationships are not guaranteed to be 
correct, however, and it is recommended that the specimen area should 
be quoted, but no normalisation for the area should be performed. This 
is not usually a signifi cant issue for corrosion monitoring, where the 
probe area is generally fi xed.

Noise resistance

Eden et al.4 proposed the division of the standard deviation of potential 
times the specimen area by the standard deviation of current to obtain a 
parameter with units of resistance times area, and known as the electro-
chemical noise resistance, Rn:
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where sE and sI are the standard deviations of potential and current respec-
tively, and A the area of the sample. Several series of experiments have 
shown that Rn is comparable with linear polarisation resistance, Rp. This 
can also be demonstrated theoretically, providing it is assumed that 
the response of the metal-solution interface to the noise current can be 
described by Rp.

Accepting the equivalence of Rp and Rn, it is possible to determine the 
corrosion current density from the Stern–Geary equation:
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where B is the Stern–Geary coeffi cient. This method is arguably the 
only established EN method, and it has been widely used in corrosion 
monitoring.

Skewness of current and potential

The skew or skewness is an indicator of the extent to which the distribution 
of values is skewed in one direction or another. It is normalised with respect 
to the standard deviation, and so is dimensionless. An unskewed distribu-
tion has a skew of 0. A time record exhibiting a moderate number of tran-
sients in one direction can be expected to have a non-zero skew, and the 
skew has been used as an indicator of metastable pitting events. However, 
bidirectional transients will tend to give a skew of zero, so this parameter 
can be expected to be less useful for corrosion monitoring using three 
similar electrodes.

Kurtosis of current and potential

The kurtosis is an indicator of the ‘peakedness’ of the distribution of values. 
As conventionally defi ned the kurtosis of a normal distribution is 3, and it 
is always positive. It is common to subtract 3 from the measured value, in 
which case it is recommended by this author to use the term ‘normalised 
kurtosis’ to avoid confusion, although this is not always done. A distribution 
showing a moderate number of bidirectional transients can be expected to 
have a kurtosis that is greater than 3, and this has been used as an indicator 
of localised corrosion.22

Coeffi cient of variation

The coeffi cient of variation is the standard deviation divided by the mean. 
It clearly only makes sense for the current, as the mean potential will vary 
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according to the reference electrode used. The coeffi cient of variation is 
an indicator of the relative scatter of the values, and it was initially sug-
gested that a large value would indicate localised corrosion. However, it is 
now recognised that it has a major problem; since the mean current can 
be zero (indeed the expected value is zero), the value of the coeffi cient of 
variation may go to infi nity (in principle it can also go to minus infi nity, as 
the mean may be positive or negative, but the absolute value is normally 
taken). This problem is a manifestation of a more fundamental diffi culty 
of the coeffi cient of variation, as it is only meaningful for a one-sided 
distribution (one where all values are either all positive or all negative). 
For this reason the coeffi cient of variation of current is not now in 
common use.

Localisation index

The localisation index was developed as a replacement for the coeffi cient 
of variation in order to avoid the problem of the possibility of very large 
values. It is defi ned as the standard deviation of current divided by the root 
mean square (rms) current. Since the rms is necessarily greater than the 
mean, the value can never exceed 1. Unfortunately, it can readily be shown 
that the localization index is a simple transformation of the coeffi cient of 
variation, and it suffers exactly the same fundamental limitation.

Pitting factor

The fundamental problem with the coeffi cient of variation and the localisa-
tion index is that the measured mean current is actually the difference 
between the currents from the two working electrodes, whereas the stan-
dard deviation of current will be derived from the sum of the individual 
standard deviations (strictly the variances add). An indication of the sum 
of the currents is often available as the estimated corrosion current, and a 
better parameter can therefore be obtained by dividing the standard devia-
tion of current by the corrosion current. This method has been developed 
by Kane et al.,15 and is used in commercial monitoring systems. In this 
implementation, the corrosion current is obtained from an independent 
measurement using harmonic analysis. There is a dimensional problem with 
the parameter, in that the standard deviation of current (which is expected 
to be proportional to the square root of area) is divided by the corrosion 
current density (which will be independent of area) times the area, so the 
pitting factor is inversely proportional to the square root of the area. 
However, this is not signifi cant in corrosion monitoring, where the probe 
size will remain constant. A similar parameter, termed the true coeffi cient 
of variation may also be computed using Icorr derived from Rn, in which case 
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it can be shown16 that the true coeffi cient of variation is the standard devia-
tion of potential divided by the Stern–Geary coeffi cient:

True coefficient of variation = = =
s s sI
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Thus the standard deviation of potential provides a simple indicator of the 
tendency to localised corrosion.

Shot noise parameters

Many of the parameters used in the interpretation of EN data are heuristic, 
which essentially means that they seem to work, but don’t have a theoretical 
basis. This is a rather disappointing aspect of the use of EN in corrosion 
studies, as there are relatively simple theoretical analyses available for 
noise processes. One of the simplest approaches is based on the theory 
developed originally by Shottky17 for noise in vacuum electronic devices, 
and known as shot noise.

The basic assumptions of the shot noise theory are:

• The current is comprised exclusively of packets of charge of a fi xed size. 
In the case of electronic noise, the packet of charge is the electron.

• The passage of individual packets of charge is independent of other 
packets; that is to say that the probability of a packet passing in a par-
ticular time interval is not infl uenced by when a packet last passed.

• The packets of charge pass instantaneously (this implies an infi nite 
current, but passing for an infi nitesimal time). This is known as a Dirac 
delta function, a transient of zero width, but fi nite area.

With these assumptions, it can be shown that the standard deviation of 
the current will be given by

s I qIb= 2

where q is the charge in each packet, I is the average current and b is the 
bandwidth of the measurement.

This theory can be applied to corrosion processes if it is assumed that the 
corrosion is produced by a series of ‘events’ of short duration and constant 
charge. The basic theory assumes a Dirac delta function for the packets of 
charge, but if the measurement bandwidth is restricted to low enough fre-
quencies that the events are short compared with the period of the highest 
frequencies considered, this requirement is effectively met. If it is also 
assumed that only one of the anodic or cathodic processes is producing 
noise, and all of that current is produced as packets of charge, then the 
current I will be the corrosion current, while the charge q will be the charge 
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produced by each event. Hence the standard deviation of current can be 
calculated.

If it is further assumed that the corrosion current can be derived from 
Rn, then is it possible to estimate both Icorr and q:
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where B is the Stern–Geary coeffi cient.
Note that q and Icorr are, respectively, the charge and the current resulting 

from the passage of packets of charge q. Thus it is also possible to calculate 
the average frequency of the corrosion events, fn (termed the characteristic 
frequency):
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As it is reasonable to assume that the corrosion current and the frequency 
of events are proportional to the sample area, it is reasonable to normalise 
these by dividing by area.

Note that fn is similar in character to the pitting factor, although it pro-
vides a better normalisation with respect to area, while q should be inde-
pendent of area. Also, note that the shot noise theory depends on the 
frequencies included in the measurement of standard deviation being low 
enough to include many complete transient events. A better way of making 
this measurement is to use the power spectral density (PSD) at a given, low 
frequency, but the standard deviation forms are given here as these are 
probably simpler for corrosion monitoring applications (the PSD form can 
be obtained by using the relationship PSD ≡ s 2/b).

Coulomb counting

The ‘coulomb counting’ or CoulCount method was developed by Schmitt 
et al.18 as a heuristic method, although the underlying theory is reasonably 
accessible.19 It depends on the recording of the current noise only. The signal 
is fi ltered with a high-pass fi lter with a cut-off frequency of 0.01 Hz. The 
fi lter may be either analogue (although the implementation of a good-
quality 0.01 Hz analogue fi lter is diffi cult) or digital. The absolute value of 
the measured current samples is then summed over time. A steep slope is 
taken as an indication of rapid corrosion, although it is not possible to cali-
brate this in terms of an estimated corrosion rate.
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It can be shown that this method is similar to integrating the standard 
deviation of current over time.19 The use of the integrating plot provides a 
form of low pass fi ltering that may make it easier to see trends, but this can 
also be accomplished by digital fi ltering. The use of only the current noise 
restricts the value of the technique, as it does not allow for the estimation 
of the noise resistance (and hence the corrosion rate), and it is diffi cult to 
see what real advantages the method has over the conventional three-
electrode method, although the use of integrating plots may be of value.

4.4.4 Spectral methods

In spectral methods the noise data are transformed from the time domain 
(i.e. potential or current versus time) into the frequency domain, in which 
the power present at different frequencies is plotted as a function of fre-
quency. The power is normally plotted as V2/Hz or A2/Hz, termed the 
power spectral density (PSD), and the plot of PSD against frequency is 
known as a power spectrum (usually plotted on log–log axes). The process 
of transforming from the time to the frequency domain is known as spectral 
estimation. Two methods are commonly used, the Fast Fourier Transform 
(FFT) and the Maximum Entropy Method (MEM).20 It should be appreci-
ated that there is a close relationship between the variance (the square of 
the standard deviation) and the power spectral density. In effect the PSD 
can be thought of as the variance measured over a narrow frequency range 
and normalized to a bandwidth of 1 Hz. The integral of the PSD over 
the full frequency range included in the measurement is equal to the 
variance.

Spectral methods generally produce an output that is too complex for 
use in monitoring, but they may be useful in research. They also provide 
improved parameters compared with statistical measures for the calculation 
of noise resistance, pitting factor and fn, since the most appropriate fre-
quency range can be chosen, rather than using the arbitrary collection of 
frequencies present in the standard deviation. One potentially useful exten-
sion of spectral methods is the computation of the electrochemical noise 
impedance by dividing the PSD of potential by the PSD of current and then 
taking the square root (the calculation being performed at each frequency). 
The result is also known as the spectral noise resistance, on the basis that 
only the modulus of the impedance can be obtained, with no phase 
information.

4.4.5 Wavelet methods

Wavelet methods may be regarded as a form of spectral method, in that 
wavelets of fi nite duration are fi tted to the time record, rather than a series 



 Electrochemical noise for corrosion monitoring 103

of continuous sine waves. A nominal advantage of the use of wavelet 
methods is the avoidance of assumptions about stationarity of the system. 
However, they are complex to interpret, and while they are of theoretical 
interest, and the subject of ongoing study, they are, as yet, inappropriate 
for corrosion monitoring.

4.4.6 Chaos methods

The methods of analysis of chaotic systems are concerned with the 
detection of deterministic behaviour in apparently random signals. There 
is some evidence that localised corrosion processes have a chaotic char-
acter, but the analysis methods are not yet appropriate for corrosion 
monitoring.

4.4.7 Neural network methods

In essence neural networks provide a mechanism for the fi tting of complex 
functions to measured data, without the need for any knowledge about the 
functional relationship between the input and output variables [see21 for a 
review of the use of neural network methods in corrosion]. In the case of 
EN, neural network methods have been used to construct a model of the 
relationship between the statistical properties of potential and current noise 
and the type of corrosion.22 As the type of corrosion was assessed by the 
examination of the EN data by a human expert, the neural network was 
effectively being used to emulate a human. This is potentially a viable 
approach to the production of simple outputs that are suitable for corrosion 
monitoring, and it merits further investigation, especially if combined with 
some of the more effective conventional analysis methods, such as Rn and 
pitting factor or fn.

4.5 Comparison of EN and polarization resistance for 

the estimation of corrosion rate

Both Rn and Rp can be used to estimate the corrosion rate using the 
Stern–Geary equation, and both can be applied reasonably easily in a 
corrosion monitoring situation. Relatively few detailed comparisons of 
the merits of the two methods have been reported, although several 
workers have demonstrated a reasonable correlation between them. Even 
fewer have tested the ‘correct’ corrosion rate by gravimetric methods, so 
it diffi cult to say which of the two methods is better in respect of the 
accuracy of measurement. However, we can compare a number of claimed 
advantages of EN.
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4.5.1 Claimed advantages of noise resistance

• It is often suggested that Rn is simpler to measure than Rp. This is rather 
questionable, especially when considering dedicated instruments for 
corrosion monitoring; the electronic requirements of the two methods 
are very similar, and the major difference between the two measurements 
is liable to be the program in the control microprocessor, rather than 
the electronic hardware. Furthermore, Rn typically requires a more sensi-
tive measurement and is more easily contaminated by interference.

• The measurement of Rn is claimed not to perturb the system being 
measured. This can be demonstrated by the thought experiment of 
considering the two working electrodes in the conventional measure-
ment as being two halves of the same piece of metal. Some workers 
have been concerned about the ‘alien’ infl uence of the ZRA used to 
measure the current, but providing this is well-designed it is diffi cult to 
see how it can infl uence the behaviour of the two electrodes. A more 
diffi cult question is whether the measurement of Rp affects the behav-
iour of the electrodes. Another thought experiment is to record the 
potential noise of a corroding electrode, and then use this as a control 
signal to measure the properties of a new working electrode – this would 
effectively measure the impedance of the working electrode, and hence 
Rp; is this then any different from an Rn measurement? Thus it is argu-
able that measurements of Rp can be made in such a way that they do 
not infl uence the behaviour of the electrodes any more than an Rn mea-
surement (although this is not the case for conventional LPR or imped-
ance measurements).

• In some early work it was suggested that Rn was not affected by the 
solution resistance. This is now known to be incorrect, and Rn has just 
the same dependence on solution resistance as Rp. Similarly, Rn and Rp 
both measure the properties of the most rapid electrochemical reactions, 
which may not be the corrosion reactions; they both assume that the 
reactions are far from equilibrium, and they both depend on at least one 
of the reactions being activation controlled.

At present it is reasonable to say that the jury is still out on the relative 
merits of the two methods, but it seems that Rp is rather less noisy and 
possibly a little more reliable.

4.5.2 Use of EN for the identifi cation of 
the type of corrosion

Where EN really has a ‘unique selling point’ is in its potential ability to give 
an indication of the type of corrosion. For corrosion monitoring the method 
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used for identifi cation must be relatively simple, ideally just providing a 
uniform/localised green-amber-red indication. However, the best method 
of obtaining this information remains to be determined; some of the 
methods that have been proposed are:

• The coeffi cient of variation of current was proposed in early work. It 
does tend to have a larger value when localised corrosion is occurring, 
but it is also very sensitive to the value of the mean current, and it is 
therefore little used now. The Localization Index is similar.

• The Pitting Factor is used in commercial systems. It has some theoretical 
justifi cation, other than its rather questionable dimensions, and the 
performance in service seems to be relatively reliable.

• The characteristic frequency, fn, derived from a shot-noise analysis has 
also been found to correlate reasonably well with the occurrence of 
localised corrosion. It is similar to the pitting factor, but with the minor 
advantage of a well-defi ned area dependence. Note that fn is a function 
of the standard deviation of potential, and the latter could also be used 
directly (and very simply) as an indicator. A method of presentation 
that may be useful is to present the measurements on a map of Rn 
against fn,23 which should map different types of corrosion to different 
parts of the map.

• The slope of the frequency-dependent part of the power spectrum has 
been suggested as being indicative of the type of corrosion. However, 
while this may be valid for a small set of experiments, comparison of a 
wider range gives confl icting results,20 and the method is probably not 
appropriate for corrosion monitoring.

While the measurement of Rn is relatively insensitive to other sources of 
noise, such as fl ow fl uctuation, it should be appreciated that the parameters 
used to identify the type of corrosion are generally very sensitive to such 
interference. Thus, in work that used a peristaltic pump to change the cor-
rosive solution, it was found that the measured characteristic frequency 
dropped by several orders of magnitude to approximately the pump pulsa-
tion frequency when the pump was switched on.24 In contrast the measure-
ment of Rn was hardly affected.

4.6 Practical applications

A number of practical applications of EN to corrosion monitoring have 
been reported, many at the regular Symposium on Electrochemical Noise 
that is held at the Annual NACE Corrosion Conference (see www.nace.
org for past conference papers).

One application that has been thoroughly reported is the use of EN 
in the monitoring of the nuclear waste storage tanks at the Hanford site. 
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This is a diffi cult monitoring problem. As a result of the required safety 
assessments and decontamination procedures, the installation of probes 
is extremely expensive, the composition of the solutions stored in the 
tanks is not known exactly (and they tend to be inhomogeneous due to 
precipitation of salts), and there is no way of obtaining an independent 
check on the validity of the measurements. The solutions stored in the 
tanks are designed to passivate the tanks, so the rate of general corrosion 
is low, and the main concern is the possibility of localised corrosion. For 
this reason the use of EN provides the only realistic option for corrosion 
monitoring, despite uncertainties over the optimum interpretation of 
the data. As far as it is possible to judge, the programme has been 
successful.25

4.7 Harmonic distortion analysis

Any methods that use the Stern–Geary equation to estimate corrosion rate, 
including the use of electrochemical noise resistance, depend on the value 
of the Stern–Geary coeffi cient. This is not a constant, and presents an 
element of uncertainty in the estimation of corrosion rate. There are a 
number of solutions available for this problem, including the use of an 
arbitrary value (usually of the order of 25 mV), calibration against corrosion 
rate measured by another method for the system in question, or measure-
ment of Tafel slopes in a separate polarisation experiment. None of these 
solutions are guaranteed to provide a correct value, since the behaviour of 
the real system is obviously not known exactly (otherwise there would be 
no need to monitor it), and the method of harmonic distortion analysis 
(often termed just harmonic analysis) provides the only method of directly 
measuring the Stern–Geary coeffi cient on the actual system being moni-
tored. The method relies on the determination of the Tafel coeffi cients by 
analysis of the distortion of a sine wave applied to a corroding probe (see 
reference 26 for more details of the method). The distortion leads to the 
production of harmonics of the original sine wave, and the amplitudes of 
the harmonics can be used to estimate the value of the Stern–Geary coef-
fi cient. This is illustrated in Figure 4.4, which shows the response of a simu-
lated metal–solution interface to an applied potential sine wave. For this 
simulation the anodic Tafel slope was set at 60 mV/decade, while the cathodic 
Tafel slope was set at 1 V/decade (simulating a mass-transport limited reac-
tion). The peak to peak amplitude of the potential sine wave was the 60 mV, 
and this gives a severely distorted signal. Figure 4.5 shows the power spec-
trum calculated for this signal. At the same time the amplitude of the 
response at the fundamental frequency provides a measure of the linear 
polarisation resistance (although it is implicitly measured in somewhat non-
linear conditions). Thus harmonic distortion analysis should provide a more 
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4.5 Power spectrum corresponding to the current signal in Fig. 4.4.

reliable estimate of the corrosion rate than other methods that have to use 
a less direct measure of the Stern–Geary coeffi cient. Note, however, that 
the analysis makes similar assumptions to those used in the derivation of 
the Stern–Geary equation, and it is not guaranteed that these assumptions 
will be valid in all cases:
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1. It is assumed that both the anodic and the cathodic reactions follow 
Tafel’s Law. This is only true if the reactions are activation con-
trolled; while this is often the case for rapid corrosion processes, 
such as active metals corroding in acid, it is by no means certain 
that it is valid for real corroding systems, where factors such as 
mass-transport limitation and solution/fi lm resistance effects may be 
important.

2. It is assumed that both anodic and cathodic reactions are far from 
equilibrium, so that the rates of the reverse reactions can be ignored. 
While this is often true, there are situations where it is not. Thus in 
hydrogenated water systems, such as are used in the primary circuit of 
pressurised water reactors, the hydrogen–water reaction is essentially 
in equilibrium, and electrochemical measurements essentially just 
measure the exchange current density of that reaction. Similarly, for 
copper corrosion processes it is likely that copper will be close to equi-
librium with copper ions in the solution.

3. It is assumed that the frequency of measurement is low enough for 
capacitive currents to be ignored. This implies a very low frequency of 
measurement, and in some systems it is questionable whether a valid 
measurement can be achieved. Thus iron sulphide deposits formed in 
sour (H2S-containing) environments can be electronically conductive 
and have a very large surface area by virtue of their porosity, such that 
the apparent capacitance is many mF/cm2, leading to great diffi culty in 
making valid measurements.

Despite these potential problems, harmonic distortion analysis has proved 
commercially successful. It has been used in conjunction with electrochemi-
cal noise measurement to provide an indicator of localised corrosion in the 
form of the pitting factor (see above).

4.8 Electrochemical frequency modulation

A further extension of the harmonic distortion method uses two simul-
taneous sine waves. When applied to a nonlinear corroding interface 
these interact to produce sum and difference frequencies. The method 
has been termed electrochemical frequency modulation by the develop-
ers27 (the process is known as ‘intermodulation’ in electrical engineering). 
Analysis of these components also allows determination of the Stern–
Geary coeffi cient, and additionally allows the production of two ‘quality 
indicators’ which can be used to check that the measurement is 
valid. As far as the author is aware, the method has not been used in 
commercial corrosion monitoring, although it may have promise for the 
future.



 Electrochemical noise for corrosion monitoring 109

4.9 References

 1 W.P. Iverson, ‘Transient Voltage Changes Produced in Corroding Metals’, 
Journal of the Electrochemical Society, 115, pp. 617–618 (1968).

 2 V.A. Tyagai, ‘Faradaic Noise of Complex Electrochemical Reactions’, Electro-
chimica Acta, 16, pp. 1647–1654 (1971).

 3 J. Stewart and D.E. Williams, ‘The Initiation of Pitting Corrosion on Austenitic 
Stainless Steel: On The Role and Importance of Sulphide Inclusions’, Corrosion 
Science, 33, pp. 457–474 (1992).

 4 D.A. Eden, D.G. John and J.L. Dawson, ‘Corrosion Monitoring’, UK Patent 
8611518 (1986), US Patent 5139627 (fi led 1987, granted 1992).

 5 S. Turgoose and R.A. Cottis, ‘Corrosion Testing Made Easy: Electrochemical 
Impedance and Noise’, NACE Houston, TX (2000).

 6 A. Bautista, U. Bertocci and F. Huet, ‘Noise Resistance Applied to Corrosion 
Measurements: V. Infl uence of Electrode Asymmetry’, Journal of the Electro-
chemical Society, 148 (10), pp. B412–B418 (2001).

 7 M.L. Benish, J. Sikora, B. Shaw, S. Sikora, M. Yaffe, A. Krebs and G. 
Martinchek, ‘A New Electrochemical Noise Technique For Monitoring the 
Localized Corrosion of 304 Stainless Steel in Chloride-containing Solutions’, 
Corrosion 98, Paper 370 (1998).

 8 J.F. Chen and W.F. Bogaerts, ‘Electrochemical Emission Spectroscopy for Mon-
itoring Uniform and Localized Corrosion’, Corrosion, 52 (10), pp. 753–759 
(1996).

 9 R.A. Cottis, ‘The Signifi cance of Electrochemical Noise Measurements on Asym-
metric Electrodes’, Electrochimica Acta, 52 (27), pp. 7585–7589 (2007) (available 
online from Jan 2007).

10 R.D. Klassen and P.R. Roberge, ‘Self Linear Polarization Resistance’, Corro-
sion/2002; NACE, Paper 02 (2002).

11 B. Röseler and C.A. Schiller, ‘Strom-Potential-korrelierte Rauschmessung 
(CorrElNoise) – Ein neues Verfahren zur elektrochemischen Rauschanalyse’, 
Materials and Corrosion, 52 (6), pp. 413–417 (2001).

12 R.P. Gill, V. Jovancicevic, W.Y. Mok, P. Hammonds, ‘Quantitative, Real Time 
Measurements of Localized Corrosion Events’, US Patent publication number 
20060144719 (fi led 31 October 2005, published 6 July 2006).

13 R.A. Cottis, “Method and Apparatus for monitoring Corrosion’, GB2407169 
(fi led 6 June 2003, granted 16 November 2005).

14 R.A. Cottis, ‘Sources of Electrochemical Noise in Corroding Systems’, Russian 
Journal of Electrochemistry, 42 (5), pp. 497–505 (May 2006).

15 R.D. Kane, D.C. Eden and D.A. Eden, ‘Evaluation of Potable Water Corrosiv-
ity using Real Time Monitoring Methods’, Corrosion/2003, Paper 03271 
(2003).

16 R.A. Cottis, ‘Parameters for the Identifi cation of Localized Corrosion: Theo-
retical Analysis’, Electrochemical Society Proceedings PV 2001-22, pp. 254–263 
(2001).

17 W. Schottky, ‘Über spontane Stromschwankungen in verschiedenen Elektriz-
itätsleitern’, Annals of Physics, 362 (23), pp. 541–567 (1918).

18 G. Schmitt, K. Moeller and P. Plagemann, ‘A new service oriented method for 
evaluation of electrochemical noise data for online monitoring of crevice corro-
sion’, Corrosion/2004, Paper 04454 (2004).



110 Techniques for corrosion monitoring

19 R.A. Cotta and R.A. Cottis, ‘Methods for the Visualisation of Electrochemical 
Noise Data’, Corrosion/2007, Paper 07363 (2007).

20 R.A. Cottis, ‘The Interpretation of Electrochemical Noise Data’, Corrosion, 27 
(3), 265–285 (2001).

21 R.A. Cottis, Li Qing, G. Owen, S.J. Gartland, I.A. Helliwell and M. Turega, 
‘Neural Networks for Corrosion Data Reduction’, Materials and Design, 20 (4), 
169–178 (1999).

22 S. Reid, G.E.D. Bell and G.L. Edgemon, ‘The use of Skewness, Kurtosis and 
Neural Networks for Determining Corrosion Mechanism from Electrochemical 
Noise Data’, Corrosion 98, Paper 176, NACE (1998).

23 H. Al-Mazeedi and R.A. Cottis, ‘Parameter Maps for the Assessment of Cor-
rosion Type from Electrochemical Noise Data’, NACE Corrosion/2004, Paper 
04460, 2004.

24 R.A. Cottis, H.A. Al-Mazeedi and S. Turgoose, ‘Measures for the Identifi cation 
of Localized Corrosion from Electrochemical Noise Measurements’, NACE 
Corrosion/2002, Paper 02329 (2002).

25 G.L. Edgemon ‘Design and Performance of Electrochemical Noise Corrosion 
Monitoring Systems at the Hanford Site’, NACE Corrosion 2004, Paper 04448 
(2004).

26 C. Gabrielli, M. Keddam, and H. Takenouti,  ‘An Assessment of Large Ampli-
tude Harmonic Analysis in Corrosion Studies’, Materials Science Forum, 8, pp. 
417–427 (1986).

27 R.W. Bosch, J. Hubrecht, W.F. Bogaerts and B.C. Syrett, ‘Electrochemical 
Frequency Modulation: A New Electrochemical Technique for Online Corro-
sion Monitoring’, Corrosion (USA), 57 (1), pp. 60–70 (2001).



5
Zero resistance ammetry and 

galvanic sensors

R. D. K L A S S E N and P. R. R O B E R G E, Department of Chemistry 
and Chemical Engineering, Royal Military College of Canada, 

Kingston, Ontario, Canada

5.1 Introduction

In the mid-1780s, anatomist Luigi Galvani in Bologna, Italy, was studying 
the effects of lightning. One day, in his garden, he fastened brass hooks 
between the spinal cord of a dissected frog and an iron railing. To his 
amazement the frog’s legs twitched wildly, not only when lightning fl ashed, 
but also when the sky was calm. Galvani incorrectly interpreted his results 
in terms of animal electricity and proclaimed that the muscle retained a 
‘nerveo-electrical’ fl uid similar to that of an electric eel. While his papers 
on the subject ignited research among scientists of Europe, the most sig-
nifi cant consequence of Galvani’s discovery was the concept of Galvanism, 
which refers to the production of electrical current from the contact of two 
metals in a moist environment. Actually, the frog’s legs provided an elec-
trolyte pathway to permit galvanic current to pass between the brass and 
iron.

When dissimilar metals are immersed in a conductive solution, a poten-
tial difference develops between them. This difference is the driving force 
for galvanic current. The more corrosion prone of the two metals corrodes 
and releases electrons and the less corrosion prone metal provides the site 
for cathodic reactions, where electrons are consumed. Cathodic reactions 
include oxygen reduction and hydrogen evolution, neither of which con-
sumes metal. An electrode that is corroding and consuming metal is termed 
the anode. The galvanic series is a relative ranking of about three dozen 
metals and alloys in seawater (Fontana, 1986, p. 43).

Ordinary ammeters indicate current by measuring the voltage across a 
known resistance and then converting the voltage reading into current by 
Ohm’s law. However, this method can interfere with the phenomenon 
being measured by reducing the overall potential driving force. A zero 
resistance ammeter (ZRA) measures current by changing current to voltage, 
but uses a feedback loop to bring the voltage drop between the input ter-
minals to ‘zero’ and therefore bypasses this limitation.

 111
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5.2 Galvanic current

In terms of mixed potential theory, the potential difference between the 
equilibrium potentials at anodic and cathodic sites is the sum of the follow-
ing components: (a) anodic overpotential; (b) iR drop between the anodic 
and cathodic sites; (c) cathodic overpotential; and (d) cathodic concentra-
tion overpotential. The sites could be on the same electrode or on different 
electrodes. Galvanic current occurs when the sites are on different metals. 
The iR drop is due to the ionic conduction of charge between anodic and 
cathodic sites. The summation of relevant potential terms is:
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where

Eeq,c = equilibrium potential at the cathodic site, V
Eeq,a = equilibrium potential at the anodic site, V
i = galvanic current, A
Io,c = exchange current at the cathodic site, A
Io,a = exchange current at the anodic site, A
ba = Tafel slope for anodic branch, V/decade
bc = Tafel slope for cathodic branch, V/decade
Rs = solution resistance
hconc = cathodic concentration overpotential

The exchange current is the product of the exchange current density 
(A/cm2) and the appropriate site area (cm2). The cathodic concentration 
overpotential term in the case where oxygen diffusion is rate-limiting is
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where T is the temperature, n is the number of electrons involved in the 
reaction, F is the Faraday constant and iL is the current at which oxygen 
diffusion controls the corrosion rate.

According to Equation [5.1], the magnitude of galvanic current primarily 
depends on the magnitude of the potential difference of the electrodes in 
a common electrolyte and the anodic and cathodic kinetics. However, it is 
also affected by solution resistance and oxygen availability if the cathodic 
reaction is oxygen reduction. Both of these factors can reduce galvanic 
current to zero (Klassen and Roberge, 2003, 2006). Another consideration 
is the probability of a difference in solution resistance in between electrodes 
and that on top of each electrode. When the solution resistance between 
electrodes is much greater than that between anodic and cathodic sites on 
each electrode, the coupling current remains within each electrode and 
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by-passes a ZRA circuit. In this case, the anode will corrode undetected 
electronically.

A schematic of a circuit measuring current between two electrodes using 
a ZRA is shown in Fig. 5.1. The measured electronic current is balanced 
by the ionic current between the electrodes through the electrolyte. The 
voltage in the electrolyte between electrodes follows Laplace’s equation,

∇2V = 0 [5.3]

The pattern of voltage gradient depends on the geometry between elec-
trodes, with the magnitude of voltage gradients depending on the magni-
tude of the overall voltage difference. The current density, at any point, 
depends on the electrolyte resistivity, ρ, and voltage gradient,

i V= − ∇
1
r  [5.4]

5.1 Schematic of voltage gradients between facing electrodes through 
an electrolyte and an external ZRA circuit.

ZRA

Voltage gradients between electrodes
in electrolyte

Electronic current
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The current fl ow pattern, media resistivity and effective solution resistance 
are related. For current fl owing in parallel through a length, dl, and cross-
sectional area, dA, the solution resistance is

d
d
d

R
l
A

s = r  [5.5]

and

R
l
A

s = ∫r
d
d

 [5.6]

For the case of current fl owing along a wire, the resistance is the wire resis-
tivity times the wire length divided by the wire cross-sectional area. However, 
Rs between facing electrodes is slightly greater than that for a wire because 
most of the current follows a longer path than a straight line. Although the 
direct distance between electrodes is L, the effective path length is between 
L and (π/2).

5.3 ZRA measurement circuitry

Probably the simplest ZRA circuit ever was described by Baboian and 
Prew (1993). Besides a power supply and voltmeter, the only two electronic 
components are an op-amp and a resistor. A schematic of the circuit is 
shown in Fig. 5.2. The input terminals are held at zero potential difference 

5.2 Schematic of ZRA using an op-amp and a resistor (adapted from 
Baboian and Prew, 1993). The op-amp suggested was TL081B.
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5.3 Photo of the galvanic element of a ZRA probe used for 
monitoring atmospheric corrosivity (Agarwala, 1996). The 
interdigitized sensor elements were cadmium and gold. Photo 
taken by Pierre R. Roberge.

and the current required to do this is proportional to the voltage between 
the outputs. With a resistor of 1 kΩ, 1 mA of galvanic current corresponds 
to 1 volt between the output terminals. More sophisticated circuits provide 
auto-ranging of the voltage output according to the magnitude of the 
current input. The simplicity of the ZRA circuitry makes the electronic part 
of the sensor very low cost. Frequently, the major cost is the sensor itself. 
Figure 5.3 shows a photo of a thin-fi lm galvanic sensor used for monitoring 
atmospheric corrosion (Agarwala, 1996). The interdigitized fi ngers of 
cadmium and gold were plated onto Kapton after applying the initial 
pattern with copper. Cadmium functioned as the anode and gold as the 
cathode.

5.4 Applications

5.4.1 Atmosphere

The fi rst attempt to quantify atmospheric corrosivity with a galvanic sensor 
was made in the late 1950s by measuring the current between a platinum 
foil and a zinc panel (Sereda, 1958). A later design was a miniature galvanic 
sensor consisting of interlaced elements of copper or zinc and gold (Sereda, 
1982). Periods of time when the galvanic current was higher than a critical 
minimum (0.2 V across a shunt resistor) were interpreted as being ‘wet’ 
enough to promote corrosion. Variations in the response of these sensors 
over time and between locations indicated that the variables behind atmo-
spheric corrosion are complex.
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A common characteristic of galvanic sensors measuring atmospheric cor-
rosivity is that the signal underestimates corrosivity. In a study comparing 
the mass loss of steel coupons and the cumulative current from steel gal-
vanic sensors, it was found that the cumulative current only accounted for 
about 20% of the mass loss for the copper/steel couples (Mansfeld, 1982; 
Mansfi eld et al., 1982). It was proposed that the unaccounted for current 
was due to local cell action on the individual plate of a sensor without 
current fl ow in the external measuring circuit. Another group found that 
the number of coulombs measured by a galvanic sensor was much less than 
the equivalent number of coulombs corroded by steel plates, i.e. 4.6 C/cm2 
for the sensor steel versus 183 C/cm2 for a fl at plate (White and Leidheiser, 
1990). In another study with a thin-fi lm galvanic sensor (Agarwala, 1996), 
the number of coulombs passed was compared with the mass loss of 
coupons of aluminum (Types A97075 and A96061) and steel at ten outdoor 
locations for periods of up to six months (Abbott, 2002). The ratio of cou-
lombs corresponding to coupon mass loss to the number of coulombs reg-
istered by the galvanic sensor was quite variable, ranging from near unity 
to 2000.

Another observation was that galvanic current decreased slowly over 
time in an atmosphere of constant relative humidity (Klassen and Roberge, 
2006). This was probably due to oxygen diffusion across the fi lm becoming 
the rate limiting factor.

In summary, the ability of galvanic sensors to monitor atmospheric cor-
rosivity seems to be mixed. Although they respond to severely corrosive 
conditions they do not seem to correlate well with the mass loss of coupons 
over a range of conditions. One solution is to measure solution resistance 
independently such as the impedance at high frequency (Klassen and 
Roberge, 2006). Then solution resistance effects can be separated from 
corrosion processes.

5.4.2 Cooling water

Localized corrosion is the main limiting factor in determining the service 
life of equipment (such as carbon steel heat exchangers) in industrial water 
systems. Chapters 6 and 23 (this volume), describe a sensor system designed 
to monitor the tendency of cooling water to promote localized corrosion 
based on the galvanically-coupled differential fl ow cell concept (Yang, 
1995, 2000). One electrode is given a small area and a slow fl ow to promote 
anodic-only reactions and the other is given a large area and kept in a fast 
fl ow environment to promote cathodic-only reactions. Figure 5.4 shows a 
schematic of a differential fl ow cell: FE = fast fl ow electrode, SE1 = slow 
fl ow electrode 1, SE2 = slow fl ow electrode 2, RE = reference electrode. 
There are two electrodes in the slow fl ow leg. The ZRA current can be 
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read from one or the other slow fl ow electrode relative to the fast fl ow 
electrode. A potentiostat measures the uniform corrosion rate by a mea-
surement of linear polarization resistance (LPR) (see Chapter 3) on one 
or the other slow fl ow electrodes when disconnected from the ZRA circuit. 
The degree of localized corrosion is considered as the sum of the ZRA 
current and the equivalent current based on measuring the uniform corro-
sion rate of each SE. However, a better measure of localized corrosion 
would seem to be the ratio of ZRA current to uniform corrosion current 
rather than the sum.

5.4.3 Soil

The external corrosion of water distribution systems leads to two major 
problems for water utilities. The fi rst problem is the failure of the pipes. 
The second is the contamination of water as soil contaminants are trans-
ported into the distribution system. In a series of papers, Choi et al. (2005, 
2006; Choi and Kim, 2006) described tests with galvanic sensors in ground-
water, tapwater and soil. In synthetic groundwater over a period of 100 
days, there was a linear relationship between the number of coulombs of 
galvanic current passed between electrodes of steel and copper and the 
mass loss of pipe-grade steel. Similar results were obtained in synthetic 
tap water and soil using LPR and electrochemical impedance spectros-

Needle valve

Slow flow outlet

SE 1 SE 2

RE

Fast flow outlet

FE

ZRA
Potentiostat

Cooling water
sample

5.4 Schematic of differential fl ow cell. FE = fast fl ow electrode, 
SE1 = slow fl ow electrode 1, SE2 = slow fl ow electrode 2, 
RE = reference electrode (adapted from Yang, 1995).
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copy (EIS) as primary corrosion rate measurements. In another series of 
tests, a galvanic sensor was placed near a lab-scale pipe that was under 
cathodic protection. The galvanic sensor responded to the cathodic pro-
tection current even though it was not electrically connected. Since the 
direction of sensor current refl ected the fl ow of current from the cathodic 
protection system (i.e. stray current), it was concluded that the galvanic 
sensor was an effective tool for monitoring the effectiveness of cathodic 
protection.

5.4.4 Crevice

Intensive localized corrosion frequently occurs within crevices and other 
shielded areas on metal surfaces exposed to corrosives. This type of attack 
is usually associated with small volumes of stagnant solution caused by 
holes, gasket surfaces, lap joints, surface deposits and crevices under bolt 
and rivet heads. It is understood that oxygen depletion is the fi rst step in 
the development of crevice corrosion. This occurs where the rate of oxygen 
consumption, as the cathodic reaction, is much higher than the rate of 
oxygen transport by convection and diffusion. A zone of oxygen depletion 
then causes imbalances in metal ion, pH and chloride concentrations, which 
then accelerate the anodic reactions.

The study of crevice corrosion has been conducted using three 
approaches. One is a qualitative method consisting of a multi-crevice 
former applied to the surface of a sample using a set torque (ASTM G48). 
Specimens are immersed in a standardized solution over a long period of 
time. Alloys susceptible to crevice corrosion are compared by determining 
the number of sites that initiated under a multiple crevice former. The 
other is an electrochemical approach involving measuring the critical initi-
ation and passivation potentials. Unfortunately, the current density is not 
homogeneous over the crevice area and the exact crevice area is unknown. 
Therefore, the crevice corrosion initiation position, growth of breakdown 
sites and their propagation rates are uncertain. A third approach is to 
measure the current between a sample in a ‘crevice’ and a sample outside 
a crevice. The ‘crevice’ can be a solution simulating the interior of a crevice 
(i.e. low pH, high chloride and metal concentration) or an electrode under 
a stagnated volume of electrolyte. Differences in electrochemical reaction 
(anodic versus cathodic) and chemical concentrations cause differences in 
potential.

A variant of the third approach is to orient the crevice cover perpendic-
ular to the specimen surface instead of parallel to the specimen surface in 
a gap fashion (Klassen et al., 2001). This can be accomplished by placing 
an inert cover (of Perspex) with a hole over the specimen under compres-
sion as shown in Fig. 5.5. Sealant was also placed on the outside of the 
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cover. Because the current and transport phenomenon in the electrolyte 
are both normal to the specimen surface, the current can be normalized 
over the specimen surface area as current density. The intensity of trans-
port resistance can be varied by changing the height of the crevice cover. 
The greater the cover height, the longer the diffusion path. The current 
between the specimen and a counter electrode can be measured with a 
zero resistance ammeter and the potential between the coupled electrodes 
versus a reference electrode can be measured. The ratio of creviced area 
to cathodic area can be controlled by the size of the counter electrode. A 
scanning electron micrograph (SEM) of a nickel aluminum bronze sample 
after 24 hours is shown in Fig. 5.6. The corrosive effect of the crevice envi-
ronment is in clear contrast to the unaffected metal outside of the crevice 
hole, which was dry. Figure 5.7 shows the de-trended current density of 
two samples of nickel aluminum bronze in aerated 3.5% sodium chloride 
solution. De-trending was done by subtracting out the average current as 
obtained by linear regression. Each sample was coupled with a porous 
graphite counter electrode (0.9 cm dia. and 7 cm long). The exposed area 
was the same for both (0.18 mm dia.). The depth of the crevice former 
for the covered sample was 6 mm. As shown, the de-trended current 
density from the creviced sample was much more erratic compared to the 
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5.5 Schematic of the experimental apparatus for a perpendicular 
crevice (adapted from Klassen et al., 2001).
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5.6 SEM micrograph of nickel aluminum bronze specimen after 24 
hours (50× mag.) with a crevice cover depth of 6 mm and hole 
diameter of 1.8 mm (adapted from Klassen et al., 2001).
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5.7 De-trended current density from nickel aluminum bronze samples. 
Each was coupled to a graphite counter electrode, one uncovered and 
the other covered with a 6 mm deep hole (1.8 mm dia.) (adapted from 
Klassen et al., 2001). The overall current indicated a net anodic current 
from both samples.

uncreviced sample. As current fl uctuations are often associated with 
localized corrosion events, the crevice environment apparently promoted 
localized corrosion.

Another variant of the third approach is an application of multi-
electrode arrays (MEA). A version of a MEA using the voltage drop 
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across resistors to measure current was described by Yang et al. (2002). 
Budiansky et al. (2006) used a ZRA-coupled MEA to monitor corrosion 
phenomena along a line perpendicular to the crevice mouth. Figure 5.7 is 
a schematic showing the relative position of a crevice former, solution and 
MEA.

Using a MEA to study crevice corrosion requires rescaling of the 
crevice. It is possible to relate the crevice gap width to the position of 
maximum attack using a geometric scaling factor (Lee et al., 2004). The 
scaling factors, or scaling laws, describe the effect of crevice geometry 
on the corrosion behavior inside the crevice. Two factors are usually 
used, X/G or X2/G with X being either the length of the crevice or 
the distance from the crevice mouth and G being the crevice gap. Using 
these scaling laws, a rescaled creviced array can be used to monitor 
the spatial evolution of the current during the initiation of crevice 
corrosion.

Figure 5.8 shows a planar view of the MEA electrode assembly with an 
array of micro-electrodes (5 × 20) embedded in epoxy-fi lled groove. A 
drilled and tapped hole was used to hold down the crevice former. The 
stainless steel encasing becomes part of the crevice, albeit not instrumented. 
For a crevice gap of 1 µm, inclusion of this surface allowed the metal area 
to crevice volume to be 104 cm−1, which is the same as that for a conventional 
crevice sample (ASTM G48).

Multi-electrode array

Insulators

Metal

Crevice former
Solution

G

5.8 Schematic of MEA with crevice former: G is the gap distance 
(adapted from Budiansky, 2006).
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5.4.5 Concrete

Gonzalez et al. (1995) compared the ability of surface potential and 
galvanic current to distinguish zones of actively corroding and passive 
sections of rebar in concrete. The experimental setup is shown in Fig. 
5.9. A counter electrode and reference electrode were connected with a 
wet pad to the concrete block. The working electrode was the rebar. 
Part of the rebar was actively corroding by chloride and part was kept 
passive. In Fig. 5.10(a), the rebar was contiguous between these sections 
and in Fig. 5.10(b) these sections were separate. Both surface potential 
and galvanic current were able to clearly distinguish between the active 
and passive sections when these rebar sections were separate. However, 
neither was able to clearly distinguish the active and passive sections 
when the rebar was contiguous as is normally the case in working 
installations.

The lifetime of a concrete structure can be considered to be the sum 
of the time required to initiate corrosion and the time required for 
corrosion propagation to develop enough to cause concrete cracking 
(Budiansky, 2006). One solution is to use rebar alloys with more cor-

Epoxy-filled
groove

Stainless steel
316 multi-electrode
array

Tapered hole to
attach crevice former

Stainless steel
316 encasing

20 mm

5.9 Planar view of MEA used in crevice experiments. The solid metal 
encasing was grooved to allow the MEA to be mounted in the center 
of the encasing. Additionally, the threaded hole for the crevice former 
attachment is shown. Adapted from Budiansky (2006).
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rosion resistance than conventional carbon steel rebar at both initiation 
and propagation. To qualify new rebar materials, the chloride threshold 
for corrosion initiation, radial and lateral propagation rates, and the 
Pilling-Bedworth ratios (ratio of the relative volume of an oxide and 
its parent metal) must be determined. MEAs provided a technique to 
examine the lateral corrosion spreading behavior of new candidate rebar 
alloys when embedded in concrete. Early measurements clearly distin-
guished differences in corrosion propagation between carbon steel and 
AISI 316L stainless steel (UNS S31603) with 100 wire MEAs. Carbon 
steel held at 0.2 VSCE displayed active corrosion that initiated quickly 
and spread rapidly over the entire MEA surface in less than 2000 
seconds. However, 316L stainless steel showed no corrosion spreading 
from preferentially active sites (held at 1 VSCE) on to surrounding elec-
trodes (held at 0.2 VSCE) despite a considerably more aggressive testing 
environment.

ZRA

WE

Wet pad
Concrete

CE

RE

PassiveActive
Rebar

ZRA

WE

Wet pad
Concrete

CE

RE

PassiveActive
Rebar

(a)

(b)

5.10 Concrete ZRA probe over active and passive sections of rebar. In 
(a) these sections are contiguous whereas in (b) they were separate 
(adapted from Gonzalez et al., 1995).
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5.5 Future trends

Assuming we want more information than seeing frog’s legs twitch wildly, 
a key question is whether the unvarnished galvanic sensor is an adequate 
way of quantifying corrosion processes. A limitation to measuring only 
galvanic current is that changes in ionic resistance between electrodes can 
confound indications of corrosion activity. A way around this is to measure 
ionic resistance independently from galvanic current. Since this can be done 
by measuring the impedance at high frequency, one must ask why not use 
the same electronics for a full frequency scan and measure corrosion rate 
as an EIS sensor? For example, Davis et al. (2005) have described an EIS 
sensor that is under development for measuring atmospheric corrosivity 
and coating integrity.

The answer to the question of how or if a galvanic sensor can be utilized 
depends on the time frame of interest, the nature of the electrolyte and the 
relative importance of geometry. An EIS scan with suffi cient low-
frequency measurements to obtain a reasonably accurate measure of cor-
rosion rate (via polarization resistance) takes about 30 minutes. The factors 
that drive atmosphere, soil and concrete are slow moving compared to this 
time frame. Therefore, EIS may be the best approach for these applica-
tions. Localized corrosion events, on the other hand, can occur over a time 
frame of seconds. If localized corrosion is the phenomenon of interest and 
if the electrolyte resistance is consistently low compared to the corrosion 
resistance, then a galvanic sensor is probably the best option. Electro-
chemical noise (EN), which is described in Chapter 4, utilizes this approach. 
In a cooling water system then, an EN probe in the pipe of interest is prob-
ably preferable to the split electrode system described in Section 5.4.2. 
This is because the corrosivity in the slow fl ow leg may not be representa-
tive of the conditions in the cooling water and there are many subtleties in 
the analysis of EN data that would be missed with simply observing the 
overall galvanic current. In the study of crevice corrosion, the perpendicu-
lar crevice with a galvanic circuit, described in Section 5.4.4, seems to be a 
reasonable way to study certain crevice parameters. In a gap crevice, where 
the corrosion process is very sensitive to geometry with respect to the 
crevice former, MEAs seem to be the best option since they are designed 
to provide spatial resolution. The addition of EIS capability to each elec-
trode in an MEA adds even more value to this application (Cooper et al., 
2006).
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6
Differential fl ow through cell technique

B O YA N G, Honeywell, Ridgefi eld, Connecticut, USA

6.1 Introduction

In this chapter, a corrosion measurement technique, i.e., the differential fl ow 
cell method, designed for on-line and real-time determination of the rates 
of localized corrosion (such as pitting, crevice/under-deposit corrosion, 
microbiologically infl uenced corrosion or MIC and galvanic corrosion) of 
metals used in cooling water systems is described. The chapter begins with 
a detailed discussion of the operating principles of the method. The local-
ized corrosion rate calculation methods, typical fl ow cell and monitoring 
instrument design, verifi cation of the results by other known reliable mea-
surement methods, and guidance on data interpretation are provided. The 
usefulness of the methods is also discussed. The chapter ends by pointing 
out future developmental needs of the method to broaden its application 
potential. Examples of laboratory and fi eld applications of the methods are 
described in Chapter 23.

6.2 Principles of the differential fl ow cell 

(DFC) method

6.2.1 The problem the method was designed to solve

Because of differences in system design, water temperature, fl ow rate, 
metal alloy composition, water chemistry, chemical treatment and opera-
tion variations, cooling water systems suffer many different forms of 
corrosion. Commonly observed forms of corrosion in cooling water 
systems include general (or uniform) corrosion, pitting, crevice/under-
deposit corrosion, galvanic corrosion, microbiologically infl uenced corro-
sion, stress-corrosion cracking, erosion-corrosion, corrosion fatigue, 
cavitation damage, and selective dissolution (or de-alloying) corrosion. 
Except for general (or uniform) corrosion, all of these forms of corrosion 
can be classifi ed as localized corrosion, since the corrosion damage does 
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not occur uniformly on the whole surface of the exposed metallic 
component (see Chapter 2).

Based on fi eld survey results and industrial experience,1–4 the most com-
monly observed forms of localized corrosion for components made of 
carbon steel, cast iron, galvanized steel and aluminum in cooling water 
systems are pitting, crevice/under-deposit corrosion, and microbiologically 
infl uenced corrosion. For stainless steel components, stress corrosion crack-
ing is the predominant cause of corrosion failures.3–7 Pitting and under-
deposit corrosion, often associated with microbial activity, are also 
frequently observed. Furthermore, pitting and under-deposit corrosion on 
stainless steel components (e.g., heat exchangers) often become the initia-
tion sites leading to the subsequent stress corrosion cracking failures. For 
components made of copper and copper alloys, corrosion failures are often 
attributed to under-deposit corrosion, microbiologically infl uenced corro-
sion, selective dissolution (e.g., dezincifi cation), ammonia corrosion and 
erosion-corrosion.4,8

Ferrous metals such as carbon steel, cast iron and galvanized steel are 
among the most widely used structure materials in industrial cooling 
water systems. Transfer lines or pipes, heat exchanger shells, tubes, baffl es 
and water boxes, pump components, valves, screens, plumbing fi xtures and 
cooling tower basins and other tower components are often made of 
these ferrous metals. Localized corrosion, such as pitting, crevice/under-
deposit corrosion and microbiologically infl uenced corrosion is usually 
the main limiting factor in determining their service life in cooling water 
systems.1–3 The complex and dynamic nature of industrial operations, 
combined with the lack of effective monitoring tools, mean little is known 
about the impact of variations in process conditions and water chemistry 
on localized corrosion. As a result, premature equipment failures occur, 
in spite of the use of relatively large design safety factors. A recent 
survey of the Japanese petrochemical industry shows that more than 70% 
of cooling water failures of carbon steel heat exchangers are due to local-
ized corrosion.1–2 In addition, 59% of industrial heat exchangers have 
lifetimes of less than 10 years. Obviously, reduction of localized corrosion 
will lead to the extension of equipment service life. Hence, the ability to 
reliably monitor and control localized corrosion is a major industrial 
need.

Many direct or indirect measurement techniques are available for corro-
sion assessment.9–10 Indirect measurement techniques, such as pH, conduc-
tivity, corrosive ion or corrosion product ion concentrations (e.g., chloride 
or ferrous ions), temperature and fl ow rate measurements, measure par-
ameters that may greatly infl uence, or are infl uenced by, the extent of cor-
rosion. While these indirect measurement methods are generally useful for 
predicting or assessing the potential risk of corrosion and may also be useful 
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for process control, they do not yield quantitative corrosion rate results. To 
obtain quantitative corrosion information, direct corrosion measurement 
techniques are used.

The commonly used methods that measure the extent of corrosion 
directly in industrial water systems include weight (mass) loss methods 
such as coupons (see Chapter 9), polarization resistance-based methods 
(see Chapter 3), electrical resistance-based methods (see Chapter 11), and 
plant equipment inspection or failure analysis.1,9,11–13 Although both coupons 
and plant equipment inspection or failure analysis can provide useful infor-
mation about corrosion, obtaining quantitative corrosion rate data (espe-
cially localized corrosion data, such as maximum pit depth) from these 
methods is often time-consuming and costly. They usually require equip-
ment shutdown or sample extraction. Furthermore, these two methods 
only yield the average corrosion rate over the period of exposure, typically 
ranging from several months to several years. Since many important factors 
infl uencing corrosion (e.g., temperature, fl ow rate, solution composition, 
inhibitor and/or chemical treatment dosages, and pH, etc.) in an industrial 
or commercial system are time-dependent variables, it is usually very diffi -
cult (if not nearly impossible) to identify clearly the root causes for the 
observed high corrosion rate based on equipment inspection and/or coupon 
analysis results. In addition, equipment inspection methods do not permit 
remedial measures to be taken before signifi cant damage to the system 
components has occurred. On the other hand, polarization resistance- and 
electrical resistance-based methods cannot be used to determine the local-
ized corrosion rate because the corrosion rate obtained is averaged over 
the whole surface area of the test probe that is generally not corroded 
uniformly.

To obtain more timely information about localized corrosion, several 
techniques, including the polarization resistance-based general corrosion 
monitor pitting index (or imbalance technique, similar to electrochemical 
noise), electrochemical noise techniques (see Chapter 4), scanning vibrat-
ing electrode techniques, and zero resistance ammeter-based occluded cell 
techniques, have been used to monitor or study localized corrosion.9–11 
However, none of these techniques can be used to obtain an accurate quan-
titative localized corrosion rate under normal corrosion conditions because 
the anodic corrosion and cathodic corrosion reactions do not occur at well-
separated sites and times. They remain largely qualitative in measuring 
localized corrosion.

To overcome these limitations, the differential fl ow cell (DFC) method 
was developed recently for the real-time, on-line and reliable measurement 
of localized corrosion rates (e.g., pitting, crevice/under-deposit corrosion, 
microbiologically infl uenced corrosion, and galvanic corrosion) of metals in 
industrial water systems.1,11–16 In the rest of the chapter, the term localized 
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corrosion is narrowly defi ned to include only pitting, crevice/under-deposit 
corrosion, microbiologically infl uenced corrosion, and galvanic corrosion.

6.2.2 The physical model

The DFC method was initially developed for measuring pitting, and crevice 
or under-deposit corrosion of carbon steel in cooling water systems.13 In 
cooling water systems, propagating pitting and crevice or under-deposit 
corrosion on carbon steel has similar characteristics. They can all be con-
sidered as a form of ‘concentration cell’ corrosion. Concentration cell cor-
rosion occurs when metal surfaces encounter very different physical and 
chemical conditions within the same water system. These differences 
predispose specifi c surface sites to localized corrosion. At these sites, an 
increase in the corrosive nature of the process conditions or water chemis-
try can lead to the formation of a localized corrosion cell (a pit). Examples 
of metal surfaces that are predisposed to pitting corrosion are:

• A surface beneath a deposited particle (mineral scale, corrosion product, 
silt).

• A surface beneath a biofi lm deposit.
• A surface between rifl ed tube grooves.
• A surface immediately after a weld or fl ange.
• A surface behind a baffl e, within a ‘dead-leg’, or other low fl ow areas.
• A surface that is touching the surface of a different material.
• A surface with microstructure defects or impurities (e.g., sulfi de 

inclusion).

These metal surface differences allow for the creation of anodes and 
cathodes (regions differing in electrochemical potential) that are localized 
within a micro-environment. Differences in dissolved ion (or other chemi-
cal) concentration, such as hydroxyl ion, oxygen, chloride and sulfate, 
eventually develop between predisposed and nearby regions. In this way, 
localized corrosion cells are established. The predisposed sites become 
anodic, resulting in loss of metal to the solution (Fe → Fe2+ + 2e−). The 
nearby ‘open’ sites become cathodic, causing oxygen reduction to form 
hydroxide (H2O + 1/2O2 + 2e− → 2OH−). The predominant cathodic reac-
tion in the corrosion of carbon steel or copper alloys is normally oxygen 
reduction in cooling water systems with a pH value typically between 6.5 
and 9.5. Hydrogen evolution occurring in pits or under-deposit corrosion 
sites generally contributes only a small part to the overall cathodic corro-
sion current.1 It should be noted that when low pH upset operating condi-
tions (e.g., acid overfeed, acid cleaning or excessive growth of acid-producing 
bacteria) are present in the system, hydrogen evolution reaction may 
become the major contributor to the corrosion processes. Similarly, halogen 
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reduction reaction may become the major contributor to the corrosion 
processes when overfeed of an oxidizing biocide occurs. The generation of 
hydroxide results in highly alkaline localized surface conditions, which can 
result in the formation of a mixed deposit, containing corrosion products 
and mineral scales (e.g., Fe(OH)2, Fe(OH)3, FePO4, Mg(OH)2, Ca3(PO4)2, 
and Zn(OH)2, etc.). The intense localized attack at the site leads to the 
formation of a deposit layer that is porous and not as protective as the 
inhibited deposit layer formed at other parts of the surface. The presence 
of relatively high concentrations of corrosion product metallic ions (such 
as Fe2+, Fe3+, Cu2+ and Al3+) near the corrosion sites is generally known to 
have a signifi cant negative effect on the performance of scale inhibition 
and particle dispersing ability of dispersant polymers typically included in 
cooling water treatments and would be one of the contributing factors in 
forming the porous, loosely attached and less protective deposit layers on 
the corrosion sites.

As localized corrosion proceeds, a crust (called a ‘tubercle’) can form 
over the top of the localized corrosion site, creating an under-deposit local-
ized corrosion environment. Biofi lm or biofouling may also start to accu-
mulate around the deposits covering the localized corrosion site (the pit) 
under suitable conditions.

Systematic investigation carried out by Yang and coworkers1,11–13,16–17 
shows that the anodic and cathodic current distribution around a localized 
corrosion (e.g., pitting, crevice or under-deposit corrosion) site can be rep-
resented by a model shown in Fig. 6.1. In other words, the mixed potential 
corrosion theory is found to be applicable to the typical localized corrosion 
conditions. According to this model, the anodic reaction and cathodic 

Anodic current density

Cathodic current density

Metal

Corrosion product deposits

6.1 Physical model for the DFC method – distribution of anodic and 
cathodic currents around a localized corrosion site.
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reaction of the corrosion process can occur at the same surface location at 
the same time around a localized corrosion site.

The anodic current density is proportional to the rate of metal dissolution 
partial reaction in the corrosion process. The cathodic current density is 
proportional to the cathodic partial reactions in the corrosion process. In 
cooling water systems, the cathodic partial reactions are commonly com-
prised of oxygen reduction, halogen (commonly used as oxidizing biocide) 
reduction and hydrogen evolution (e.g., inside the localized corrosion sites 
for carbon steel, other ferrous metals, and aluminum alloys, etc.). Experi-
mental studies demonstrate that the model depicted in Fig. 6.1 can be used 
to describe the localized corrosion processes of carbon steel, admiralty 
brass, aluminum alloys and magnesium alloys in aqueous fl uids,1,16–17 such 
as cooling water, process water in a paper mill and food processing plant, 
boiler steam condensate, vehicle engine coolant16 and oil-fi eld production 
stream.18

6.2.3 The DFC method to obtain localized corrosion rate

The DFC method uses an electrolytic cell assembly to simulate the localized 
corrosion conditions of interest and an electrical instrument/data acquisi-
tion system to measure the localized corrosion rate in real-time from the 
simulation cell.11,13,14 A unique combination of linear polarization resistance 
(LPR) and zero resistance measurements (ZRA) is usually used to obtain 
the rate of localized corrosion (such as pitting, crevice/under-deposit, 
microbiologically infl uenced corrosion, and galvanic corrosion) for metals 
in aqueous solutions from the simulation electrolytic cell.

Typical electrolytic cell assembly

Several methods have been used to confi gure the electrolytic cell assembly 
to simulate the localized corrosion conditions.1,13,16,19 In a typical application 
in cooling water systems, the electrolytic cell assembly has a differential 
fl ow cell confi gured to simulate the essential features of the propagating 
localized corrosion process. The fl ow cell generally contains two small 
anodes commonly placed in a slow fl ow condition and one large cathode 
placed in a faster fl ow condition. The anodes are used to simulate the pref-
erential or localized attack areas of the metal in a system. The large cathode 
simulates the non-preferential attack area of the metal. To simulate faith-
fully the localized corrosion conditions, the anodes and the cathode are 
normally connected electrically together via a zero-resistance ammeter 
(ZRA) in the electrical instrument assembly to allow the occurrence of 
galvanic interaction among them. Fig. 6.2 shows a fl ow cell design for use 
in fi eld applications in commercial or industrial cooling water systems.
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6.2 (a) Schematics of a localized corrosion monitor (LCM) based on 
the DFC method for use in cooling water systems; (b) photo of the 
DFC-based localized corrosion monitor (LCM) with optional stand.
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The fl ow cell shown in Fig. 6.2 can be used to simulate the localized 
corrosion conditions found in tube side heat exchanger and pipeline, or 
shell side heat exchanger fl ow conditions. When the fl ow cell is used to 
simulate localized corrosion in a shell side heat exchanger, the cathode tube 
A placed in the upper glass tube is used as the cathode and the fl ow rate 
in the cathode fl ow channel is set at a higher fl ow rate than the one at the 
lower fl ow channel where the anodes are located. When the fl ow cell is used 
to simulate localized corrosion conditions in a tube side heat exchanger or 
in a pipeline, the cathode tube B placed in the lower glass tube is used. In 
this case, the anodes are usually recessed into the ports to create a slower 
fl ow condition than the one experienced at the cathode tube surface. The 
fl ow rates in the two fl ow channels and the distance between anodes and 
cathode tube B may be adjusted to better simulate the localized corrosion 
conditions in the cooling water system of interest. The fl ow rates used in 
the type of set-up shown in Fig. 6.2 were typically between 45 to 1130 L/h 
or about 0.04 to 2.3 m/s. More information about using tube A or tube B 
will be described in Chapter 23 where the application examples of the 
method are provided.

A number of other different designs of the electrolytic cell were also 
used, including the use of various occluded cells (e.g., lead-in-pencil type 
set-up commonly used in many pitting and crevice corrosion studies) 
designs, anode or cathode or both under different heat-rejection conditions 
and various anode/cathode confi guration designs for studying galvanic 
corrosion. Wide ranges of exposed anode and cathode surface areas can 
be selected to simulate the application conditions. Exposed anode surface 
areas used in the DFC method were often between 0.07 to 2 cm2. The 
cathode/anode surface area ratio was typically between 1 and 1000. In 
practice, one should choose the most appropriate design to simulate real-
istically the localized corrosion process under study.

Electrical instrument assembly

The electrical instrument assembly typically consists of a zero resistance 
ammeter (ZRA), a polarization resistance (or LPR) based general corro-
sion monitor with IR-drop compensation capability, instrument control and 
data acquisition system. In addition, relay switches, a display or read-out 
panel, data output (e.g., as 4–20 mA signals), power source conditional 
circuit and instrument enclosure, etc. may also be included in the instru-
ment assembly. In the design shown in Fig. 6.2, the electrical instrument 
assembly is housed in the control box. The ZRA, LPR, relay switches, data 
acquisition and control and data analog outputs are all integrated in a 
circuit board placed inside the control box. The control box also has an 
enclosure (rated NEMA (National Electrical Manufacturers’ Association) 
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12X) to protect against circulating dust, falling dirt and dripping non-
corrosive liquids. The monitor design shown in Fig. 6.2 also has a probe to 
measure the general corrosion rate, and a sensor to measure the tempera-
ture of the test fl uid. Sensors to detect other parameters (e.g., pH, fl ow rate, 
conductivity, corrosion and scale inhibitor concentrations, biocide concen-
tration and corrosive ion or corrosion product concentrations, such as Cl− 
and Fe3+, etc.) important to the corrosion process may also be included in 
the assembly.

Methods to obtain localized corrosion rates

Three methods can be used to determine the localized corrosion rates from 
a DFC cell.11,13,19 One method is based on the Tafel extrapolation of the 
anodic polarization curve of the anode (or the slow fl ow electrode) to the 
corrosion potential of the DFC cell (i.e., the corrosion potential recorded 
when the anodes and cathode are connected together). The second method 
is based on measuring the polarization resistance of the anodes and cathode 
connecting together, and the polarization resistance of the cathode when it 
is temporarily disconnected from the anode. A detailed description of these 
two methods is given in previous publications.13,19 In theory, the Tafel 
extrapolation should have yielded the most accurate localized corrosion 
rate. The second method (polarization resistances only) would have under-
estimated the localized corrosion rate if the corrosion potential of the 
cathode alone was more positive than the corrosion potential of anodes and 
cathode connected together. It should be noted that the Tafel extrapolation 
method is generally not suitable for use to monitor the localized corrosion 
rate as a function of time, because it is considered a destructive method and 
the surface conditions of the anode generally change irreversibly after the 
measurement.

The third method of determining localized corrosion rates is commonly 
used to determine localized corrosion rates from a DFC-based localized 
corrosion monitor (e.g., a typical design is shown in Fig. 6.2). The localized 
corrosion current density (Ilocalized corrosion) of the anode is calculated accord-
ing to the following equation:11,13,19

Ilocalized corrosion = IZRA + ILPR [6.1]

where IZRA represents the galvanic coupling current density measured 
between the anode and the cathode from the differential fl ow cell; ILPR 
represents the LPR (or linear polarization resistance) corrosion current 
density measured from the anode alone when the anode is temporarily 
disconnected from the cathode. (Note: To obtain a more accurate result, a 
solution ohmic decrease-compensated instrument should be used to 
measure the polarization resistance.) The Stern–Geary constant for the 
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metal used for the anode is calculated from either the Tafel slopes measured 
experimentally or the Tafel slopes recommended in the literature or 
obtained in previous studies under similar corrosion conditions. The local-
ized corrosion rate of the anode is calculated from the localized corrosion 
current density, Faraday constant, equivalent weight, and density of the 
anode. ILPR refl ects the contribution of cathodic reactions (e.g., oxygen 
reduction, hydrogen evolution and halogen reduction, etc.) occurring on the 
anodes toward their own corrosion. IZRA refl ects the contribution of cathodic 
reactions occurring on the cathode toward the corrosion of anodes or it 
refl ects the contribution of the galvanic interaction among the anodes and 
cathode toward corrosion of the anodes.

In a DFC cell design shown in Fig. 6.2, two localized corrosion rates may 
be obtained as a function of time from the cell according to Equation [6.1]. 
In some earlier designs of DFC method-based localized corrosion monitor, 
both localized corrosion rates from the two anodes were reported. In a 
newer design, only the maximum value of the two readings from the two 
anodes at a given time was reported. In addition, the time average of the 
localized corrosion rate and the general corrosion rate (the rate averaged 
over the surface area of the electrodes of the linear polarization resistance 
(or LPR) probe) are also saved and displayed in the DFC design shown in 
Fig. 6.2.

In theory, Equation [6.1] or the third method yields an approximate 
localized corrosion rate. It was deduced under two assumptions: the corro-
sion attack at the anodes was uniform and the corrosion potential (Ecorr) of 
the anodes alone was not much different from the Ecorr of anodes and 
cathode connected together. For electrodes made of carbon steel, the fi rst 
assumption can be met in most cases. It has been observed in >20 fi eld 
applications of the DFC-based localized corrosion monitor that the corro-
sion attack on the anodes was quite uniform, especially after exposure 
longer than several days since the anodes usually were covered completely 
by corrosion products and other deposits. It should also be noted that in 
several laboratory tests using aluminum alloys as the anode in engine cool-
ants, the corrosion attack on the anode was also uniform based on post-test 
visual examination. In bench-top tests using two rotators to create the dif-
ferential fl ow conditions, the Ecorr of the anode alone was generally more 
negative than the Ecorr when the anode and cathode were connected together. 
Depending on the difference in the extent of corrosion on the carbon steel 
anode and the carbon steel cathode, the difference in Ecorr values was as 
much as 50 mV to 60 mV several minutes after disconnecting the anode 
from the cathode. In theory, this means that Equation [6.1] would have 
tended to overestimate the localized corrosion rates. However, as shown in 
previous studies, the overestimation was not signifi cant. The differences 
between localized corrosion rates determined using Equation [6.1] and the 
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rate determined from Tafel extrapolation of the anode-only anodic polar-
ization curve to the Ecorr of the anode and cathode connected together were 
<20%. The high cathodic Tafel slope values typically observed in cooling 
water system applications and the fact that the main cathodic reaction (i.e., 
oxygen reduction) in the anode corrosion process is often close to diffusion 
control in the observed Ecorr region may be the likely reasons for the rela-
tively small errors observed. The potential errors of using Equation [6.1] 
in DFC-based localized corrosion monitors (e.g., Fig. 6.2) due to the differ-
ences in Ecorr appeared to be fewer than the bench-top differential fl ow cell 
set-up using two rotators. One reason is that the cathode/anode surface area 
ratio in the DFC-based fi eld localized corrosion monitors (i.e., >250) shown 
in Fig. 6.2 was much greater than the one in the bench-top set-up (i.e., 20). 
Another reason is that the low-fl ow entrance and exit regions in the fi eld 
DFC localized corrosion monitor cathode also will corrode preferentially. 
These factors ensure that there would be many more corrosion sites on the 
fi eld localized corrosion monitor than on the bench-top set-up. Thus, the 
relatively high corrosion rates of the anodes tended to have less of an effect 
on the Ecorr in the DFC-based fi eld localized corrosion monitor set-up than 
in the bench-top set-up.

In cases where the corrosion attack on the anode is not uniform, a surface 
area correction factor should be used in Equation [6.1] to account for the 
percentage of actual surface suffering corrosion attack. One alternative 
solution is to change the design of the electrolytic cell used to simulate the 
localized corrosion. Experiments showed that the use of occluded cell type 
designs (in this case, the anodes are located in an occluded site similar to 
the ones found in a crevice; the fl ow velocity in the anode, or slow fl ow 
electrode, can be considered to be negligibly small or close to zero) would 
be helpful to ensure that the corrosion attack on the anode remain largely 
uniform.

Another factor to consider is the separation distance between anodes and 
cathode in an electrolytic cell shown in Fig. 6.2. When the DFC set-up 
shown in Fig. 6.2 is used to simulate shell-side heat exchanger localized 
corrosion, the cathode is located in the top fl ow channel. In this case, the 
anodes and cathode could be separated by a relatively large distance (e.g., 
∼10 cm). In cooling water with relatively high conductivity, the additional 
solution ohmic drop introduced by the separation is not expected to affect 
the measured corrosion rate substantially after the corrosion sites in the 
electrodes are covered with a layer of corrosion products. In bench-top 
experiments using two rotators to create the differential fl ow conditions, 
the solution ohmic decreases in the anode corrosion products were 10 times 
higher than the ones in the solution, even with a solution conductivity as 
low as 80 µS/cm. Nevertheless, in the absence of corrosion product deposits 
(e.g., in the initial stage of immersion of a sandpaper-polished anode), the 
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localized corrosion rate obtained from the lab set-up was reduced by the 
separation of anode and cathode, especially in cases where the solution 
conductivity was low (e.g., <200 µS/cm). No systematic investigation has 
been conducted to study the effect.

6.2.4 Validation of the technique

Similar to other commonly used electrochemical techniques for measuring 
corrosion, the DFC technique is a simulation measurement method. The 
advantage is that the DFC-based localized corrosion monitor is an electro-
chemical measurement device providing a time-averaged localized corrosion 
rate that is quantitative to that measured independently on the same anodes 
used in the instrument. In Fig. 6.3, the time-averaged and steady-state 
localized corrosion rates determined by the DFC-based localized corrosion 
monitor (LCM) are compared to the results of penetration depth measure-
ments on the DFC anode surfaces.13 In principle, only the time-averaged 
corrosion rates should be directly comparable to the corrosion rates deter-
mined from penetration depth measurements. However, under well-
controlled steady-state conditions, the instantaneous corrosion rates closely 
approximate the time-averaged rates.

In addition, the localized corrosion rates of carbon steel, admiralty brass 
and aluminum alloys determined from Equation [6.1] were also shown to 
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6.3 Comparison of localized corrosion rates obtained from penetration 
depth measurements and DFC-based LCM readings.
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be in agreement with those determined by the Tafel extrapolation of the 
anodic polarization curves of the anodes, providing further confi rmation of 
the validity of the method.13,16 Under properly chosen simulation condi-
tions, the corrosion rate results (both localized and general rates) obtained 
from the DFC-based localized corrosion monitor in the fi eld applications 
were also in agreement with independent physical measurement (i.e., 
coupons) and heat exchanger inspection (e.g., ultrasonic inspection) or 
operation results (e.g., service life or leakage frequency) obtained under 
comparable conditions.1,11,14,17

6.2.5 How to use a DFC-based localized corrosion 
monitor (LCM) for fi eld applications

Because of its ability to obtain a quantitative, reliable and real-time local-
ized corrosion rate, the DFC method offers great potential for use in 
localized corrosion research, and localized corrosion monitoring and 
control in industrial systems. The extensive use of this method in the labo-
ratory and in fi eld applications has been very fruitful for developing new 
insights into the localized corrosion process, for aiding troubleshooting 
and failure analysis of cooling water system corrosion-related problems, 
for developing novel, highly effective, environmentally friendly cooling 
water corrosion inhibitors, for performance-based optimization and control 
of chemical treatments (i.e., corrosion inhibitors, scale inhibitors and bio-
cides) in industrial and commercial cooling water systems.1,11–18,20–30 In the 
past, the effective use of the method for performance-based optimization 
and control of chemical treatments in fi eld applications has been the most 
challenging, because it not only requires substantial corrosion training and 
knowledge, but it also requires in-depth understanding of modern cooling 
water chemical treatment technology, as well as detailed knowledge about 
the operation of the cooling water systems. Thus, guidance is provided 
below to help a potential user to obtain greater benefi ts of applying the 
technique.

The DFC-based LCM (shown in Fig. 6.2) measures the localized corro-
sion rate, general corrosion rate and water temperature in real-time. The 
readings are updated every 10–15 minutes. The lower the localized corro-
sion rate and general corrosion rate, the better corrosion protection the 
treatment is providing to the system.

Most importantly, one should be less concerned about the localized cor-
rosion rate reading if the general corrosion rate is unacceptably high. In 
this case, the large amount of corrosion product generated by the high 
general corrosion rate is likely to result in widespread under-deposit 
corrosion and scaling problems in other parts of the system. Thus, one 
should fi rst perform program optimization practices to reduce the general 
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corrosion rate to an acceptable level. Then, further program optimization 
can be performed to address any localized corrosion issues.

Corrosion in an industrial system is often non-uniform and is a function 
of time and location. Thus, one usually observes that corrosion failure in a 
plant occurs individually at a specifi c time. For this reason, one should 
never expect to be able to equate one single corrosion rate reading obtained 
at a specifi c location to all the observable corrosion rates in a plant or even 
within a single heat exchanger. This is true for direct corrosion measure-
ment methods and for side-stream simulation devices.

Therefore, even though the LCM has many distinguished capabilities in 
measuring localized corrosion, the readings obtained from it do not yield 
all the corrosion rates occurring throughout an industrial water system. 
There is only one way to obtain all the actual corrosion rates of a system – to 
measure them directly from every location in the system. Obviously, this is 
not an economically sensible approach. The next preferred solution is to 
install as many LCMs as needed, with each unit set up to obtain localized 
and general corrosion rate information from well-simulated conditions at 
each specifi c location. It is likely that one may need tens or hundreds of 
LCMs for simulating the different operating environments in a chemical 
processing plant, paper mill, utility, offi ce building or refi nery. Thus, this 
approach may also not be economically feasible.

Often only one or a few LCMs can be made available for a given plant, 
leaving two primary options:

1. Simulate a specifi c plant condition at a particular location of concern. 
Then, monitor and optimize the treatment for that specifi c location and 
condition (for instance, a critical heat exchanger previously known to 
have corrosion problems).

2. Choose a typical system condition. Then, monitor and optimize the 
treatment for that specifi c condition (for instance, water from the 
cooling water return line).

Based on well-established engineering principles, one can assume that 
when corrosion under the chosen condition is under good control, other 
parts of the system are also most likely to be under good control – unless 
the conditions differ drastically. The benefi t of option 1 is that by selecting 
a critical, highly-stressed system condition, by minimizing localized corro-
sion at this location, it is very likely that localized corrosion at all other 
locations will be similarly improved. The challenge of option 1 is that it may 
be logistically very diffi cult to plumb-in the LCM suffi ciently close to the 
actual plant equipment of interest (for instance, a critical heat exchanger 
located 30 m above the ground in the middle of a refi nery).

Checking corrosion control at various parts of the system from time to 
time and making required changes would ensure the success of these 



 Differential fl ow through cell technique 141

approaches. In this way, the LCM can be used to monitor changes in the 
corrosivity of the water or the effectiveness of the treatment program to 
control the propagation of pitting and general corrosion. The data obtained 
will be most effective in program selection, optimization, control and diag-
nosis of failure mechanisms.

One should always remember that LCM is a simulation device. It is 
not a substitution for plant equipment inspection. It does provide new 
capability in the battle against corrosion. The more techniques one can 
afford to use to monitor or measure the extent of corrosion, the greater 
the confi dence one will have on the results obtained, and the greater the 
chance one will be able to keep corrosion under control in an industrial 
system.

6.3 Data interpretation and use

6.3.1 General considerations for effective carbon steel 
corrosion control

In order to interpret the LCM localized corrosion data correctly, one must 
fi rst understand that many factors that infl uence corrosion are time depen-
dent variables.

Some of the factors known to have a major effect on corrosion are listed 
below.

Mechanical factors

(a) Composition of the alloy
(b)  Structure of the alloy (single phase, multiple phases, and presence of 

precipitates)
(c)  Mechanical state of the alloy (degree of cold work, presence of 

defects)
(d)  Equipment design features (stagnant regions, galvanic contact, etc.).

Operational factors

(a) Upset conditions (e.g., process leaks, extended shut-down, etc.)
(b) Chemical treatments (type and dosages)
(c) Improper treatment program selection or application
(d) Poor control of water chemistry and operating parameters
(e)  Economic or environmental restrictions on chemical use or proper 

dosages
(f) Presence of mechanical stresses
(g) Debris blockage.
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Chemical/environmental factors

(a)  Water chemistry (O2, pH, Cl−, SO4
2−, HCO3

−, Ca2+, Fe2+/3+, PO4
3−, SiO2, 

etc.)
(b) Temperature
(c) Flow velocity
(d) Bacteria
(e) Coating.

Owners of an industrial system generally expect a chemical treatment 
vendor to provide the most cost-effective and reliable solutions to their 
cooling water system operation problems. One of the problems that chemi-
cal treatment needs to provide solutions for is carbon steel corrosion 
control. Many methods are available for controlling corrosion:

• switch to a more corrosion resistant material
• apply an inert barrier or coating
• use cathodic protection (e.g., sacrifi cial anodes, such as Zn, Mg alloy 

or Al)
• use anodic protection (e.g., H2SO4 production plant)
• adjust water chemistry
• use corrosion inhibitors.

Use of corrosion inhibitors in the form of a cooling water treatment program 
is often the most cost-effective solution.

6.3.2 How corrosion inhibitors work

Based on inhibition mechanisms, corrosion inhibitors may be classifi ed into 
three types: oxidation, deposition, and adsorption inhibitors. Chromate 
(CrO4

2−) and nitrite (NO2
−) are oxidation inhibitors, which inhibit corrosion 

by oxidizing the metal surface, promoting the formation of a protective 
passive fi lm on the metal surface. Tolyltriazole, benzotriazole, and many 
organic corrosion inhibitors used in iron oxide cleaning treatments, such as 
thiourea and acetylenic alcohols, may be considered adsorption inhibitors. 
Adsorption inhibitors reduce corrosion by forming a thin adsorbed layer 
on the metal surface. Zn2+, phosphates, pyrophosphate, and phosphonates 
(e.g., AMP (aminotrimethylene phosphonic acid), HEDP (1-hydroxy ethy-
lidene-1,1-diphosphonic acid), etc.) may be considered as deposition inhibi-
tors. Deposition inhibitors function by forming a compact deposit layer on 
the metal surface with Ca2+ in the solution, Fe2+/Fe3+ generated from the 
corrosion (metal dissolution) process (for phosphates or phosphonates) or 
OH− (for Zn2+) generated from the corrosion process (oxygen reduction). 
Usually, the protective layers formed by deposition inhibitors are thicker 
than the ones formed by either oxidation or adsorption inhibitors.
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Deposition corrosion inhibitors are most commonly used for mild steel 
corrosion protection in open-recirculating industrial cooling systems. Major 
types and the typical components of the most widely used modern cooling 
water treatments for corrosion and scale control are shown in Table 
6.1.13,17,25,30–35

Water soluble inorganic phosphates such as orthophosphates and pyro-
phosphates are commonly used as the phosphate components in the 
treatments. Phosphonates typically used in the treatments include PBTC 
(2-butane phosphono-1,2,4-tricarboxylic acid), HEDP, AMP, HPA 
(2-hydroxy phosphono acetic acid), and PCAM (phosphono carboxylate 
acid mixture, or Bricorr 288, a mixture of sodium salts of organophos-
phonic acid, H-[CH(COONa)CH(COONa)]n-PO3Na2, where n < 5 and 
nmean = 1.4). The phosphinate used in the chemical treatments is PSO 

Table 6.1 Components in modern cooling water chemical treatments

Classifi cation Typical active components Use

All organic Phosphonates, acrylate 
based copolymer or 
terpolymer, azole

Open recirculating 
systems

Low Zn Zn2+, phosphate, 
phosphonate, acrylate 
based copolymer or 
terpolymer, azole

Open recirculating 
systems

Stabilized phosphate Phosphate, phosphonate or 
phosphinate, acrylate 
based copolymer or 
terpolymer, azole

Open recirculating 
systems

Alkaline stabilized 
phosphate

Phosphate, phosphonate or 
phosphinate, acrylate 
based copolymer or 
terpolymer, azole

Open recirculating 
systems

Zn – phosphonate Zn2+, phosphonate, acrylate 
based copolymer or 
terpolymer, azole

Open recirculating 
systems

Molybdate Molybdate, phosphonate, 
acrylate based copolymer 
or terpolymer, azole

Open recirculating 
systems

Silicate – molybdate Silicate, molybdate, acrylate 
based polymer, azole

Open recirculating 
or closed 
systems

Nitrite – molybdate Nitrite, molybdate, azole, 
polymer dispersant

Closed systems

Silicate – nitrite Silicate, nitrite, borate, 
azole, polymer dispersant

Closed systems
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(phosphinic acid oligomers) which is a mixture of mono, bis and oligomeric 
phosphinosuccinic acid adduct described in a recent US patent.31 Acrylate 
based polymers frequently used include Good-Rite® K797 and K798 (both
are acrylate/sodium styrene sulfonate/2-acrylamido-2-methylpropane 
sulfonic acid terpolymers) from Noveon (OH, USA), Aquatreat® AR-540 
(an acrylic acid/2-propenoic acid, 2-methyl, methyl ester/benzenesulfonic 
acid, 4-[2-methyl-2-propenyl)oxy]-, sodium salt/2-propene-1-sulfonic acid, 
2-methyl-, sodium salt quad-polymer) and AR-545 (an acrylic acid/2-acryl-
amido-2-methylpropane sulfonic acid copolymer) from Alco Chemical 
(TN, USA), Acumer® 2000 (an acrylic acid/2-acrylamido-2-methylpro-
pane sulfonic acid copolymer), and Acumer® 3100 (an acrylic acid/t-butyl 
acrylamide/2-acrylamido-2-methylpropane sulfonic acid terpolymer) from 
Rohm and Haas (PA, USA); acrylic acid/acrylamide/acrylamidomethane-
sufonic acid terpolymers, acrylate/hydroxypropyl acrylate copolymers, 
acrylic acid/allyloxy-2-hydroxypropylsulfonic acid copolymers and acrylic 
acid/allyloxy-2-hydroxypropylsulfonic acid/polyethyleneglycol allyl ether 
terpolymers.

Azole compounds suitable for use include benzotriazole and tolytriazole. 
Polymer dispersants suitable for use are generally polyacrylate, or acrylate 
based polymers. In some cases, PESA, a polyepoxysuccinic acid acting 
mainly as a calcium carbonate scale inhibitor, is used to substitute the 
phosphonate or phosphinate used in the phosphate- or zinc-containing 
chemical treatments listed in Table 6.1. The benefi ts of using PESA instead 
of some common phosphonates such as HEDP, PBTC or AMP may include 
the reduction of polymer demand and in some cases, an enhancement of 
halogen stability of the treatments if the phosphonate being replaced is not 
halogen stable. In addition to the corrosion and scale control treatments, a 
biocide treatment (using either an oxidizing biocide or a non-oxidizing 
biocide or both) is also generally required for microbial growth control in 
a cooling water system.33,35

The formation of a compact and protective layer on a metal surface 
using a deposition type corrosion inhibition chemical treatment depends 
on a number of factors. The important factors include Ca2+, phosphate, 
Zn2+, calcium carbonate scale inhibitors (e.g., phosphonates, PSO or 
PESA), and dispersant polymer concentrations, pH and/or alkalinity con-
centration, water temperature, corrosive ion (e.g., Fe3+, Cu2+, Cl− and 
SO4

2−) concentrations, fl ow rate and microbial activity level in the system. 
Generally, the chemical treatment dosages have to be selected based on 
the water chemistry and system operating conditions. In order to make 
correct treatment program optimization decisions, one needs to measure 
the water chemistry, product feed rates and residual active concentrations 
and relate to the system’s operational and corrosion performance 
information.
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6.3.3 Performance issues in cooling water treatments

Corrosion control, scale control, and microbial control (or biofouling 
control) are the main performance parameters used to judge whether the 
application of a cooling water program is meeting the system needs.1 In 
addition, compliance of applicable regulations and discharge limits are also 
the required performance parameters. As in all engineering applications, a 
safety margin needs to be included in the selection and application of 
cooling water treatment chemicals and their use dosages. In this regard, 
past application experience and treatment active monitoring are essential 
in ensuring the operation of the system in the safe region without excessive 
chemical feeds. These factors and the cost of the treatment program are 
then used to establish the cost vs. performance relationships. The cost vs. 
performance relationships can be used as the objective criteria for choosing 
a particular treatment for a given system.

Generally, determining whether a chosen treatment program will meet 
the requirements of applicable regulations and discharge limits is relatively 
easy to accomplish. It typically requires one to choose the appropriate 
treatments and/or their dosages to avoid or limit the use of some specifi ed 
restricted chemicals. In some cases, the effl uent can be treated to remove 
the harmful substances before discharge to the environment. For example, 
in utilities industry, Na2SO3 may be used to react with the residual NaOCl 
or NaOBr in the blowdown water before discharging it to the river. In this 
case, only periodical monitoring of NaOCl or NaOBr in the blowdown 
water to control the Na2SO3 feed may be needed.

Controlling scale formation can be easily accomplished via pH control, 
cycle control, effective use of scale inhibitors and a combination of these 
methods. Monitoring of scale formation on equipment such as exchangers 
can also be accomplished with well-established temperature, fl ow and/or 
pressure drop measurements. In fact, many chemical processing plants, 
refi neries and power plants are already conducting real time total (including 
the effects of both water side and process side) heat transfer effi ciency 
measurements on their critical exchangers and/or reactors. Prediction of 
the likelihood of scale formation under specifi ed conditions based on water 
analysis results, temperature and fl ow rate data is also well established, 
e.g., Langelier Saturation Index33 and French Creek WaterCycle® software 
from French Creek Software (PA, USA). Addition of biocides, biodisper-
sants and side-stream fi ltration to remove nutrients are the proven methods 
to control excessive microbiological growth and biofouling. In addition, the 
damaging effects of scaling and biofouling can often be reversed via clean-
ing. In contrast, the only options of reversing a corrosion failure, e.g., per-
foration of an exchanger tube, is to replace it with a new tube or cease usage 
via plugging.
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Generally, cooling chemical treatments and their application control 
parameters are developed based on the general corrosion control perfor-
mance obtained from laboratory tests and a small number of controlled 
fi eld tests. In a typical application of the chemical treatments in a cooling 
water system, general corrosion control performance is also often moni-
tored by periodic testing of corrosion product concentrations, such as Fe3+ 
and Cu2+, in the water. In addition, corrosion coupons are also often used 
in many systems. Thus, chemical treatment technologies and their applica-
tion methods to control general (average) corrosion rate to an acceptable 
level, e.g., <3 mpy (75 µm/y) are generally well developed and widely prac-
ticed in many cooling water systems. However, localized corrosion remains 
unpredictable. Often, the extent of localized corrosion under a given 
application condition has been the key remaining unknown in the cost vs. 
performance relationships.1,17

6.3.4 Integrated solutions needed to improve cooling 
water treatment performance

Controlling corrosion, scale formation and biofouling (or microbiological 
growth) are required for the effective operation of cooling water systems. 
The problems caused by corrosion, scale formation and biofouling are 
inter-related (see Fig. 6.4) and can present serious challenges for the normal 
operation of cooling water systems.

ConsequenceCauses of poor
performance

Corrosion

Scaling

Biofouling

Reduce heat transfer efficiency

Exchanger perforation and leakage

Deterioration of material strength

Exchanger blockage

Increase pressure drop and/or reduce flow

Promote corrosion

Reduction of cooling tower efficiency

Increase demand for make-up water

6.4 Problems caused by corrosion, scaling and biofouling in cooling 
water systems.
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The primary function of a cooling water system is to satisfy the heat 
transfer needs of the plant. Thus, preventing and/or controlling scale and 
biofouling to ensure adequate heat transfer effi ciency is one of the primary 
requirements a chemical treatment program must fulfi ll. However, although 
scaling and biofouling may be controlled to provide effective process 
cooling needs, they may still pose a serious threat to localized corrosion 
control. For instance, the tendency of stress corrosion cracking of a stainless 
steel heat exchanger in a CPI (or chemical processing industry) plant usually 
increases as scaling and fouling increase. One reason for the need of con-
trolling general corrosion to an acceptable level is to prevent the deposition 
of corrosion products downstream on other equipment, which may initiate 
new concerns about reduction of heat transfer effi ciency and promotion of 
further corrosion damage. Under cooling water conditions, a high carbon 
steel localized corrosion rate is usually observed when the metal is partially 
protected and/or there is high microbial activity.

Following the operating guidelines provided by the chemical treatment 
supplier, the carbon steel localized corrosion rate (or pitting rate) in a syn-
thetic plant water containing 450 ppm CaCl2 as CaCO3 was found to vary 
according to the following chemical program sequence in bench-top tests:13

Stabilized Phosphate = Low Zinc < Alkaline Stabilized Phosphate
 < All Organic

While all of these programs can be optimized to give low localized cor-
rosion rates, the treatments that operate at the higher pHs require more 
attention due to the greater likelihood of under-deposit corrosion, by depo-
sition of calcium carbonate and calcium phosphate in isolated regions of 
heat exchanger surfaces.

Under the same make-up water chemistry conditions, the recommended 
operating pH in the recirculating cooling water for the treatment programs 
typically have the following sequence:

Stabilized Phosphate < Low Zinc < Alkaline Stabilized Phosphate 
 < All Organic

Depending on the operating conditions, the following have been shown 
to be effective in reducing the carbon steel localized corrosion rate:1,17

• Adjusting the corrosion inhibitor feed
• Adjusting dispersant polymer feed
• Adjusting the pH
• Feeding a more effective biocide or a more proper biocide dosage
• Increase the blowdown rate.

Examples of using these methods to reduce pitting and general rates are 
discussed in the case study sections.
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6.3.5 Factors to consider on interpreting LCM readings

Time dependence of corrosion rate measurements

A carbon steel corrosion rate is time dependent even under constant 
conditions (e.g., water fl ow, water temperature, chemical treatment type 
and dosages, cycle of concentration, absence of process leaks, absence of 
biofouling, etc.). This can be attributed most to the effect of corrosion 
product and inhibitor fi lm build-up on the metal surface, creating a barrier 
to restrict mass transfer and increase solution resistance. For this reason, 
a minimum exposure time is recommended in order to report steady-
state corrosion rate values. The following equation is recommended by 
ASTM to obtain consistent general corrosion rate information using 
coupons.36

Minimum coupon exposure time (hour) =  2000/(expected general 
corrosion rate, mpy or 
25.4 µm/y)

For the LPR general corrosion rate reading obtained from the LCM, the 
steady state value under constant operating conditions should be reached 
in at most ∼1/10 of the time needed for the coupon general rate 
measurements:1,14,17,20,24–25,27–28

Minimum LCM (LPR) exposure time (hour) =  200/(expected general 
corrosion rate, mpy or 
25.4 µm/y)

In fi eld applications, the time needed to reach the steady-state general 
corrosion rate value is often shorter than the time given by the above equa-
tion, assuming an error of ∼15% is allowed.

Like the general corrosion rate, the localized corrosion rate requires time 
to reach a steady-state condition. Meanwhile, changes in corrosivity may 
be reliably monitored even before the steady-state condition is reached. 
Because the LCM is sensitive to even slight changes in system corrosivity, 
such as the swings in the daily water temperature from night-time to day-
time, reliable detection of variations in localized corrosion is possible prior 
to reaching the steady-state localized corrosion value. In this way, the LCM 
is quite different from a device that only monitors the general corrosion 
rate.

One critical phenomenon needs to occur in order for the LCM to become 
fully reliable. This involves the formation of a tubercle over each anode 
surface. In some cases, during the fi rst week of operation, considerable 
fl uctuations in the localized corrosion rate may be observed which are spe-
cifi cally due to partial formation of a tubercle, followed by partial slough-
ing off of the tubercle. In some cases, little or no signal fl uctuations are 
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observed during the fi rst week. Once a stable tubercle covering has devel-
oped over each anode, any further fl uctuations in the localized corrosion 
rate can be attributed to actual corrosivity events in the cooling water 
system.

Because of the time required for tubercle growth to develop and the 
presence of complete corrosion product deposits on the localized corrosion 
sites, the time-dependence of the localized rate is different from that of the 
general rate. Depending on the corrosivity of the water, it normally takes 
about 2–3 weeks for the localized corrosion rate to reach a quasi-steady-
state value. It should be noted that even after the initial 2–3-week period, 
the localized corrosion rate would continue to decrease if the system condi-
tions remain largely the same.

For example, in Great Lakes of United States drinking water, the 
maximum carbon steel pitting rate was found to be given by the following 
equation.33

Max. pitting rate (mpy) = constant * t−2/3

where t is time in years, or

Max. pitting depth = constant * t1/3

The constant is a function of water temperature and Ryznar Index.33 It 
should be pointed out that these equations are obtained in the absence of 
chemical treatments except bleach. It should be used as a rough indicator 
for trends only.

Based on these expected time-dependence of localized and general cor-
rosion rates, the time-averaged localized and general corrosion rates are 
expected to decrease continuously with time, assuming other conditions, 
e.g., temperature, fl ow, chemical treatments, biocide treatments and water 
chemistry remain largely the same.

If there is an interruption in this general trend, then it indicates that a 
major corrosivity change in the system has occurred.

Effect of water temperature

The rate of corrosion is dependent on temperature, as are the rates of 
most other chemical reactions. In the absence of an insulating, non-porous 
layer of scale on the metal surface, the corrosion rate will increase with 
increasing temperature. Since the LCM measures the water temperature 
as well as the corrosion rates, the effect of temperature on general and 
localized corrosion can be easily observed and evaluated. Figure 6.5 clearly 
shows the sensitivity of the localized corrosion rate compared to the 
general corrosion rate, with respect to temperature fl uctuations. In this 
Figure, each temperature increase, followed by decrease, corresponds to 
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the daily temperature fl uctuation in the cooling system. As can be seen, in 
this system, a 5 °F (2.8 °C) change causes a 5 mpy (127 µm/y) change in the 
localized corrosion rate. Little or very slight correlation can be seen in the 
general corrosion rate readings. In addition to temperature, other factors 
(e.g., conductivity, as shown in Fig. 6.5) can also infl uence 
corrosion rates.

Attributing causes of corrosion rate variations and treatment 
optimization strategy

After the initial tubercle growth and pre-steady-state corrosion period has 
passed (2–3 weeks), if the LCM localized corrosion rates continue to 
decrease, it indicates either:

• Water temperature decrease
• Blowdown rate increase
• Better corrosion control due to the following
 – adjustment to a more appropriate pH set-point
 –  use of a more effective corrosion inhibitor (or more appropriate 

inhibitor dosage)
 –  use of a more effective polymer (or more appropriate polymer 

dosage)
 –  use of a more appropriate biocide or increase of biocide feed if there 

is an existing MIC problem
• Formation of a large amount of non-conducting scales (e.g., Ca3(PO4)2, 

CaCO3).

If the LCM localized corrosion rate is increasing, it indicates that one or 
more of the following events may be happening:

• Water temperature increase
• Increase in cycles of concentration (or increase of total dissolved solid 

concentration)
• Poor pH control (e.g., acid overfeed, or incorrect pH set-point)
• Insuffi cient corrosion inhibitor feed
• Overfeed corrosion inhibitor (ortho-PO4, pyro-PO4, phosphonate, and/

or Zn)
• Insuffi cient polymer feed
• Oxidizing biocide overfeed
• Biocide underfeed, causing MIC problems
• Process leaks
• Instrument malfunctions: Need to check fl ow and/or electronics.

Since a typical LCM measures water temperature at the same time as the 
corrosion rates, the effects of temperature changes should be the easiest 
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to check fi rst before considering other factors as the possible cause of 
corrosion rate changes. The localized corrosion rate is usually more sensi-
tiveto all corrosivity changes than the general rate. Therefore, the localized 
corrosion rate may show signifi cant increasing or decreasing trends while 
the general corrosion rate may remain unchanged.

An example is shown in Fig. 6.5. The effect of cycle change can be clearly 
distinguished from the daily water temperature variation (due to daily 
change of sunlight and/or atmospheric weather conditions).11 In this cooling 
system, a decrease in conductivity from 1845 to 708 µS/cm resulted in a 
decrease in the localized corrosion rate from 15–20 to 10–15 mpy (381–508 
to 254–381 µm/y). Meanwhile, the general corrosion rate fl uctuated between 
0.4 and 0.6 mpy (10 and 15 µm/y) during this study, and did not show a cor-
relation with the conductivity change.

In general, all of the major changes in LCM readings can be correlated 
to one or a combination of the events listed above. However, developing 
reliable correlation may not be an effort-free task. Reliable correlation can 
generally be developed by comparing the corrosion rate trends to other 
readily measured parameters, like water temperature, conductivity, pH, 
halogen feed rate or ORP (oxidation-reduction potential) readings, changes 
in biocide feed strategies, process operating conditions, changes in program 
feed rates, changes in the chemical program, changes in the residual 

6.5 Effects of water temperature and conductivity on carbon steel 
corrosion rates.
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program activity levels, microbial activity changes and the changing quality 
of the make-up water. Additionally, one needs to check that the fl ow rates 
for the water passing through the LCM and other side-stream monitoring 
devices are maintained and the equipment is properly calibrated. Although 
many changes can occur in the actual cooling water system, rarely do all 
or several of them occur simultaneously or within a relatively short time 
period, e.g., 1–2 hours. Because of the capability of the LCM to provide 
reliable, sensitive, real time and continuous measurement of corrosion 
rates and water temperature, using it to establish correlation between 
localized corrosion changes and process variations has become possible. It 
should be stressed that the more one knows about the system operating 
conditions, water chemistry parameters, and chemical treatment residuals, 
the easier it will be to establish meaningful correlation of localized corro-
sion rate changes with the events occurring in the system. One should also 
be aware that since many of the system changes listed above can be con-
trolled and easily repeated at will, a correlation that may not be established 
with high confi dence at its fi rst occurrence can be easily repeated and 
confi rmed.

Maximum localized corrosion rate versus length of localized 
corrosion events

To provide true cost-effective solutions to industrial cooling water treat-
ment problems, one must have a sense of proportion. For instance, the 
actual corrosion damage done to a cooling system depends not only on how 
high the instantaneous corrosion rate is, but more importantly on how long 
a high corrosion rate event lasts. For example, a localized corrosion rate of 
200 mpy (5.08 mm/yr) lasting one-day will only produce a penetration depth 
of 0.54 mils (13.7 µm). This amount of attack by itself is not signifi cant in 
reducing the service life of a carbon steel exchanger with a thickness of 1/8 
inch (3.18 mm), assuming that the localized corrosion rate is reduced to an 
acceptable level soon afterwards. On the other hand, one should be more 
concerned if the localized corrosion rate increases from 10 to 50 mpy (from 
254 to 1270 µm/yr) for one year since 40% of the tube thickness could be 
penetrated. Thus, in general, one needs to worry more about sustained and 
prolonged corrosivity changes than short-life, transient spikes of corrosion 
rates.

Some process variations in cooling water systems are unavoidable, such 
as cycle changes due to fl uctuating make-up water quality, daily or seasonal 
temperature fl uctuations, pH variations due to poor acid feed control, occa-
sional process leaks, etc. One objective of using the LCM is to optimize the 
chemical treatment (both in terms of dosage and application methodology) 
so that the damaging effects of these process variations can be minimized.
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6.4 Applications

The DFC based LCM technology has been used in many cooling water 
systems (the author had been involved in about 30 fi eld applications), 
including once-through, open-recirculating, and closed-loop cooling water 
systems in petroleum refi neries, nuclear and fossil fuel power plants, chemi-
cal processing industry plants, pulp and paper mills, and food processing 
plants. Several examples of the applications of this technique in cooling 
water systems are described in Chapter 23. The DFC-based LCM was dem-
onstrated to be very useful for localized corrosion monitoring, for failure 
cause analysis, and for the performance-based optimization and control of 
chemical treatments (i.e., corrosion inhibitors, scale inhibitors, polymer dis-
persants and biocides) and their application methodologies in these 
systems.1,11–15,17,20–25,27–30 The LCM technology has also been adapted for use 
to study localized corrosion in oil-fi eld systems,18 the iron-oxide cleaning 
process,26 boiler condensate corrosion and aluminum corrosion in engine 
coolants.16 Interested readers may consult the references provided at the 
end of this chapter.

6.5 Future trends and additional information

To the author’s knowledge, the DFC-based LCM technology is the fi rst 
real-time localized corrosion monitoring method based on the mixed poten-
tial theory of corrosion initially developed by Wagner and Traud.37 Although 
the mixed potential theory has been widely accepted for use to interpret 
general corrosion, previously the more phenomenological local cell theory 
has been commonly assumed to be valid for localized corrosion. Before the 
development of DFC-based LCM technology, the local cell theory has been 
universally used as the theoretical basis for various real-time localized cor-
rosion monitoring technologies, including the more widely used methods 
based on electrochemical noise measurements, and various ZRA-based 
occluded cell methods. The success of the DFC-based LCM technology in 
cooling water applications suggests that the mixed potential theory may 
also be generally applicable to localized corrosion processes in other envi-
ronments. New real-time methods based on the mixed potential theory for 
localized corrosion are expected to be developed in the future to allow a 
more accurate and reliable measurement of localized corrosion in these 
environments.
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Thermodynamics of corrosion and 

potentiometric methods for measuring 
localized corrosion

P A V A N  S H U K L A, Center for Nuclear Waste Regulatory 
Analyses, Southwest Research Institute, San Antonio, Texas, USA

7.1 Introduction

Potentiometric methods are used to measure the electrochemical potentials 
of a metallic structure in a given environment. These potential values act 
as a corrosion susceptibility indicator. This chapter describes the underlying 
thermodynamic concepts of different potential values measured in the fi eld. 
The concepts of electrochemical potential, standard electrode potential, 
and corrosion potential are discussed. The mixed potential theory is used 
to elaborate the concept of corrosion potential.

The concepts of localized corrosion susceptibility indicators such as 
repassivation and breakdown potential are discussed. The fundamentals of 
localized corrosion and the concept of passivity are also described. In addi-
tion, the potentiometric methods used for measuring localized corrosion 
susceptibility indicators are discussed.

7.2 Thermodynamics of corrosion

Most electrochemical processes are the result of heterogeneous reactions 
that involve generation or consumption of electrons and various ionic 
species. In aqueous corrosion processes, the electrochemical reaction takes 
place at the interface of metal and solution. This process is initiated if the 
thermodynamics of the electron transfer reaction are favorable. Thermody-
namics determine whether a reaction can occur spontaneously (i.e., without 
the input of an external driving force or the need for an external energy 
source). If the thermodynamic criterion does not favor metal dissolution in 
a given aqueous environment, corrosion will not occur. It is for this reason 
that noble metals such as gold and platinum do not corrode in pure water. 
The use of thermodynamics allows one to understand the corrosion tenden-
cies of metals in a given environment. Corrosion tendencies are measured 
in terms of electrochemical potential or its variations. These measurements 
act as thermodynamic indicators, and provide information on corrosion 
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tendencies. This chapter discusses different potential terms that are used 
to measure the tendencies of localized corrosion processes. The next four 
subsections discuss the concepts of chemical potential, electrochemical 
potential, electrode potential, change in Gibbs free energy, Nernst’s Equa-
tion, and mixed potential theory.

7.2.1 Chemical and electrochemical potential

The concept of electrochemical potential is closely tied to the chemical 
potential; therefore, for the sake of completeness the chemical potential is 
described fi rst. To defi ne chemical potential, it is helpful to start with an 
aqueous system that consists of several dissolved species. If the chemical 
species in the system are at equilibrium and the system is in mechanical and 
thermal equilibrium with its surrounding environment, the Gibbs free 
energy (denoted by G) of the system will attain a minimum value (i.e., no 
chemical reaction would take place). If an infi nitesimal quantity of a given 
species is added to the system, the chemical potential of that species is 
defi ned as the ratio of change in Gibbs free energy to the added molar 
quantity of the species. This defi nition can be expressed by the following 
equation

µ
∂
∂i

G= ( )ni T P nj, ,
 [7.1]

where

mi = chemical potential
∂G = change in Gibbs free energy
∂ni = added moles of species i
T, P = temperature and pressure of the system
nj = denotes other chemical species present in the system

The chemical potential can also be specifi ed in terms of changes in 
Helmholtz free energy, internal energy, and entropy.

The chemical potential of a species is measured in terms of the differ-
ence between two thermodynamic states and never in terms of absolute 
value in a particular state. However, the absolute value of chemical 
potential at one thermodynamic state can be obtained by carefully assign-
ing a value to chemical potential at another state. For example, the 
chemical potential of species i can be estimated with respect to a refer-
ence state by assigning a value of chemical potential at the reference 
state. The equation below represents the difference in chemical potential 
of species i as a function of temperature and activity of the chemical 
species
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µ µi i
i

i

a
a

− = ( )0
0

RT ln  [7.2]

where

mi = chemical potential
m0

i = chemical potential of species i in the reference state
ai = activity of species i
a0

i = activity of species i in the reference state

The concept of chemical potential helps explain the equilibrium between 
two phases. For example, if two phases are in equilibrium, the chemical 
potential of species present in both phases will be equal at the interface of 
the two phases. Figure 7.1 shows phases a and b in contact with each other 
with both phases containing species A. The chemical potential of species 
A in a, i.e., mA

α will be equal to mA
β at equilibrium. If a gradient of chemical 

potential exists between two phases, species A will move in the direction 
of chemical potential gradient. If mA

α is greater than mA
β , species A will spon-

taneously fl ow to phase b. Using Equation [7.2] and by assigning the same 
reference state for species A in both phases, the difference in the chemical 
potential of species A can be expressed by the following equation

µ µA A
A

A

RT lnα β
α

β− = 





a
a

 [7.3]

Guggenheim (1929) fi rst introduced the concept of the electrochemical 
potential. The electrochemical potential of a species is the sum of its chemi-
cal potential and electrostatic potential. It is a function of temperature, pres-
sure, chemical composition, and electrical state of the phases. For charged 
ionic species i in phase a, the electrochemical potential is defi ned by

7.1 Illustration of two phases, a and b, containing chemical species A 
in equilibrium with each other.

A
(a)

A
(b)
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m̄i
α = mi

α + ziFΦα [7.4]

where

m̄i
α = electrochemical potential of species i

mi
α = chemical potential of species i

zi = electrostatic charge on species i
F = Faraday’s constant
Φα = electrostatic potential

Similar to chemical potential, the electrochemical equilibrium is attained 
when the difference in electrochemical potential of a charged species 
between two phases is zero. The gradient of electrochemical potential will 
result in transport of the ionic species. For identical chemical composition 
of phase a and b, the work done to transfer one mole of a species at constant 
pressure and temperature is given by

w = m̄ i
α − m̄ i

β = ziF(Φα − Φβ) [7.5]

The positive electrochemical potential gradient will favor the transport of 
the charged species. However, unlike the uncharged chemical species, the 
sign of the charge (i.e., either positive or negative) of the species determines 
its fl ow direction. The positive ions will fl ow from high potential to low 
potential, whereas negative ions will fl ow in the opposite direction.

7.2.2 Electrode potential

In an active corrosion process, the metal immersed in an aqueous environ-
ment spontaneously dissolves. The corrosion process will proceed naturally 
if the electrochemical potential of the metallic ions in the metal is higher 
than in solution. Electrode potential of a metal in a given solution is the dif-
ference between its electrochemical potential in a pure metal state and in 
solution. The term electrode potential refers to the potential drop for a reac-
tion across the metal/solution interface. The standard electrode potential of 
an electron transfer reaction refers to the equilibrium potential when a 
metal is in 1 M solution of its salt at 298 K and 1 atmosphere with all reactants 
and products being at unit activity. For electrochemical reaction in a dilute 
aqueous environment, the activity and concentration are used interchange-
ably. Table 3.1 of Chapter 3 lists standard electrode potential of various 
electrochemical reactions of interest. The concepts of electrode potential, 
and Gibbs free energy are briefl y described in Chapter 3; however, for the 
sake of completeness, these topics are discussed in detail in this chapter.

The standard electrode potential is also called standard reduction poten-
tial because reported values are listed for reduction of metallic ions. The 
oxidation reaction is obtained by reversing the direction of the arrow in the 
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reduction reaction, and the corresponding standard potentials for the 
oxidation reaction can be obtained by reversing the sign of the standard 
potential of the reduction reaction.

The standard electrode potential of the hydrogen reduction reactions is 
arbitrarily assigned as zero. This acts as a reference state for measuring the 
standard electrode potential. The standard electrode potentials of metal 
dissolution reactions are experimentally determined by coupling the metal 
with the standard hydrogen electrode. The experimental electrochemical 
cell consists of metal immersed in its 1 M salt solution and hydrogen refer-
ence electrode. For example, to measure the standard electrode potential 
of an iron metal electrode, an electrochemical cell is constructed with the 
anode compartment containing iron metal electrode in 1 M iron chloride 
(FeCl2) solution. The reaction occurring at the metal surface in the equi-
librium state is expressed as

Fe = Fe2+ + 2e− [7.6]

The electrons produced by the oxidation reactions are consumed by the 
reduction of hydrogen in the equilibrium state, which is expressed as

2H+ + 2e− = H2 [7.7]

The following line notation can represent the electrochemical cell where 
the iron oxidation reaction (Equation [7.6]) and hydrogen reduction reac-
tion (Equation [7.7]) are taking place:

Fe(s)|Fe2+(aq), 1M||H+(aq), 1M|Pt(H2(1 atm)) [7.8]

The single vertical line represents the boundary between two phases, 
whereas double vertical lines represent the liquid junction between two 
half-cells. The two ends of the electrochemical cells (in the example repre-
sented by Equation [7.8], the iron metal and platinum wire) are connected 
to a voltmeter. The reading on the voltmeter corresponds to the potential 
of the iron metal with respect to the standard hydrogen electrode. Because 
the half-cell standard electrode potential of the hydrogen reduction reac-
tion is arbitrarily set to zero, the reading of the voltmeter is the standard 
potential of the iron oxidation reaction (Equation [7.6]). The standard 
potential for the reduction reaction is deduced by reversing the sign of the 
voltmeter reading. The use of the standard potential of a reduction reaction 
is the International Union of Pure and Applied Chemistry (IUPAC) 
standard.

7.2.3 Gibbs free energy

The standard electrode potential is related to changes in Gibbs free energy 
by the following equation
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DG0 = −nFE0 [7.9]

where DG0 is the change in standard Gibbs free energy of the reaction, and 
n is the number of electrons participating in the reduction reaction. The 
standard electrode potentials for reduction reactions are tabulated in 
increasing order in Table 3.1 of Chapter 3. When the standard electrode 
potential of the metal is less than zero, the metal naturally oxidizes 
(dissolves) in the solution where the metal ion concentration is less than 
1 M. However, the reduction process is not always governed by the standard 
electrode potential. For spontaneous corrosion of a metal in a given envi-
ronment, the reduction (cathodic) and oxidation (anodic) reactions must 
occur simultaneously, and the change in Gibbs free energy of the combined 
system must be less than zero. For example, when a zinc (Zn) metal plate 
is immersed in the hydrochloric acid (HCl) solution, zinc ions spontane-
ously dissolve and hydrogen gas evolves. This process can be represented 
by the following reaction

Zn + 2HCl → ZnCl2 + H2 [7.10]

where zinc ions in the hydrochloric solution combine with chloride ions and 
form zinc chloride (ZnCl2). The reaction can be reduced into a simple ionic 
reaction by the following equation

Zn + 2H+ → Zn2+ + H2 [7.11]

The reaction can be further divided into partial half-cell reactions:

Zn → Zn2+ + 2e− (anodic) [7.12]

and

2H+ + 2e− → H2 (cathodic) [7.7]

The dissolution of zinc metal in hydrochloric acid will occur spontaneously 
if standard potential of the zinc oxidation reaction (Equation 9.12) is higher 
than standard electrode potential for hydrogen evolution reaction 
(Equation [7.7]). The addition of these two quantities yields the electrode 
potential for the reaction couple

E = Ea + Ec [7.13]

The electrode potential of the reaction couple (Equation [7.11]), E, is 
associated with change in Gibbs free energy, DG, by the following 
relationship

DG = −nFE [7.14]

where n is the number of electrons involved in the reaction, and F is the 
Faraday constant (96 500 coulombs per equivalent).
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Another example illustrates the use of the standard electrode potentials 
list (see Table 3.1, Chapter 3) to determine the feasibility of the corrosion 
process. Consider iron metal immersed in 1 M FeSO4 solution that is satu-
rated with dissolved oxygen. For spontaneous corrosion of iron, the anodic 
dissolution (oxidation) of iron

Fe → Fe2+ + 2e− (anodic) [7.6]

must take place along with the oxygen reduction reaction.

O2(aq) + 2H2O + 4e− → 4OH−(aq) (cathodic) [7.15]

The standard electrode potential for the iron oxidation is 0.44 volts and 
for the oxygen reduction reaction is 0.4 volts in neutral-to-alkaline solution. 
To balance the number of electrons produced by the cathodic reaction, 
the standard electrode potential of the iron oxidation reaction is doubled. 
The net potential of the reaction couple is equal to

Ecell = 2E0
Fe/Fe2+ + E0

O2(aq)/OH−(aq) [7.16]

The calculated value of the cell potential is equal to 1.28 volts, and the 
change in Gibbs free energy is −49.4 kilo-joules/mole, indicating that this 
reaction system is thermodynamically favorable. As a result, iron will 
corrode naturally in the aerated 1 M FeSO4. When system conditions are 
nonstandard, exercise caution in using the standard electrode potential 
table. In such a situation, the temperature and concentration effects 
of the solution on the reduction potential must be accounted for by using 
the Nernst equation. The following section discusses using the Nernst equa-
tion to determine the electrode potential in nonstandard conditions.

7.2.4 Electrode potential in nonstandard conditions

Table 3.1 in Chapter 3 lists the values of standard potentials for various 
reduction reactions only when all reactants and products are at unit activity. 
However, this condition is not likely to exist for most environments where 
corrosion of a metal is taking place. The Nernst equation provides a mean 
to calculate the electrode potential under nonstandard conditions. The 
Nernst equation can be derived using the Gibbs free energy principle for 
electrochemical reactions (Milazzo and Caroli, 1978; Bard and Faulkner, 
1980).

A general electrochemical reaction in the equilibrium state can be 
expressed as

aA + bB = cC + dD [7.17]

where a moles of reactant A react with b moles of reactant B to produce c 
moles of product C and d moles of product D. The corresponding change 
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in Gibbs free energy for reaction under the standard conditions is repre-
sented by the following equation:

DG0 = (cG0
C + dG0

D) − (aG0
A + bG0

B) [7.18]

where superscript 0 denotes the standard conditions (i.e., unit activity for 
products and reactants at 25 °C). For nonstandard conditions, Equation 
[7.18] can be expressed as

DG = (cGC + dGD) − (aGA + bGB) [7.19]

Algebraic subtraction of Equation [7.19] from Equation [7.18] yields

DG − DG0 = c(GC − cG0
C) + d(GD − dG0

D) − a(GA − G0
A) − b(GB − G0

B) [7.20]

Each term on the right-hand side of Equation [7.20] can be expressed in 
terms of activity for estimating the change in Gibbs free energy with respect 
to the standard state. For example, the change in the Gibbs free energy of 
reactant A, is given by

a(GA − G0
A) = aRT ln[A] [7.21]

In this expression, the activity of the species A has been replaced by its 
concentration [A] by assuming that reaction occurs in a dilute solution – a 
condition applicable for most corrosion environments. Substitution of 
Equation [7.21] and equivalent expressions for other reactants and products 
in Equation [7.20] yields

∆ ∆G G− =0 RTln
[C] [D]
[A] [B]

c d

a b  [7.22]

Using the relationship between changes in Gibbs free energy and elec-
trode potential (i.e., DG0 = −nFE0 and DG = −nFE) yields

E E= −0 RT
F

ln
[C] [D]
[A] [B]n

c d

a b  [7.23]

Equation [7.23] is the general form of Nernst’s equation. For convenience, 
the natural logarithmic function in this equation is transformed to the loga-
rithmic function of base 10, which yields

E E= −0 2.303RT
F

log
[C] [D]
[A] [B]n

c d

a b  [7.24]

Equation [7.24] can be applied to determine the electrode potential at non-
standard conditions. This representation of Nernst’s equation is convenient 
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to use because the concentration and pH of aqueous environments are 
often represented as 10x where x is a real number.

To illustrate the use of Nernst’s equation, the electrode potential of the 
hydrogen reduction reaction is considered. The electrode potential for the 
hydrogen reduction reaction, represented by Equation [7.7], is obtained 
using Equation [7.24]

E EH H H H
0 2

2 2

2.303RT
2F

log
H
H

+ += −
[ ]
[ ]+

 [7.25]

Assuming [H2] = pH2 equal to 1 atmospheric pressure, Equation [7.25] 
yields

E E EH H H H
0

H H
0

2 2 2

2.303RT
2F

log H
2.303RT

2F
pH+ + += − − [ ]( ) = −+

 [7.26]

At 25 °C, the electrode potential for the hydrogen reduction reaction as a 
function of pH of the solution can be represented by

EH+/H2 = 0.059 pH [7.27]

Similarly, an expression for electrode potential of the oxygen reduction 
reaction, represented by Equation [7.15], is also obtained using Equation 
[7.24]

E EO OH O OH

4

2
2 2

2.303RT
2F

log
[OH ]

pO
− −= −

−
0  [7.28]

where pO2 represents the partial pressure of oxygen. These two examples 
show that even though the Nernst equation is a convenient tool for deter-
mining the electrode potential under nonstandard conditions, additional 
information on the chemical environment is needed to use the equation 
effectively. However, in many situations, the precise chemical environmen-
tal conditions, and potential electrochemical reactions that could occur 
are not available. In such cases, several potentiometric methods can be 
used to obtain insight on thermodynamic viability of various corrosion 
processes.

7.2.5 Corrosion potential and mixed potential theory

The corrosion potential is the potential difference across the metal/solution 
interface when a metal is immersed in an aqueous solution, and it is mea-
sured against a reference electrode (e.g., the standard hydrogen electrode). 
The sum of currents associated with the anodic dissolution reactions must 
be equal to the sum of the cathodic reactions at the corrosion potential. At 
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the corrosion potential, the oxidation of the metal and the reduction of a 
species in solution occur simultaneously at the metal/electrolyte interface. 
The corrosion potential lies between the reduction potential of the reduc-
tion reaction and reduction potential of the oxidation reaction (see Figure 
3.4 in Chapter 3). The net measurable current is zero, and the corroding 
metal is charge neutral at corrosion potential. This condition can be repre-
sented by the following expression

IA + IC = 0 [7.29]

where

IA = total anodic current generated by anodic reactions
IC = total cathodic current generated by cathodic reactions

In corrosion processes, the anodic current is usually assigned the positive 
sign and cathodic the negative sign. While anodic reactions are dependent 
on the metal composition, the dominant cathodic reactions in the aerated 
aqueous solution with neutral to alkaline pH are oxygen reduction and 
water reduction reactions

O2 + 2H2O + 4e− → 4OH− [7.15]

2H2O + 2e− → H2 + 2OH− [7.30]

The oxygen reduction is the dominant reaction for most corroding systems 
in an alkaline environment. The water reduction reaction is very slow, and 
it only contributes signifi cantly at very low values of corrosion potential. 
The standard electrode potential for water reduction reaction is −0.827 
volts versus the standard hydrogen reference electrode in the alkaline envi-
ronment (also represented as −0.827 VSHE where V denotes the unit of volt, 
and subscript SHE is acronym for standard hydrogen reference electrode). 
Therefore, this reaction will not dominate at corrosion potentials higher 
than −0.827 VSHE.

In acidic solution, the dominant cathodic reactions are hydrogen evolu-
tion and oxygen reduction reactions, expressed as

2H+ + 2e− → H2 [7.7]

O2 + 4H+ + 4e− → 2H2O [7.31]

In acidic solutions, hydrogen gas evolves at the cathode due to hydrogen 
reduction reaction, and the oxygen reduction reaction produces water. The 
oxygen reduction reaction is more likely in the acidic environment if the 
corrosion potential is higher than 0.0 VSHE. However, if the corrosion poten-
tial is less than 0.0 VSHE, then both reduction reactions will be dominant 
in the cathodic region. The relative amount of current produced by each 
reaction depends upon individual kinetic rate.
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Corrosion potential is relatively easy to measure. It can either be mea-
sured while conducting the polarization measurements or by using a refer-
ence electrode and a voltmeter in fi eld studies. To measure the corrosion 
potential of a metallic structure in fi eld studies, the metal structure and 
reference electrode are connected to a high impedance voltmeter. Under 
ideal conditions, no net current should fl ow between the reference and 
working electrode. However, a small current is necessary to measure the 
potential drop. The reading of the voltmeter is the corrosion potential of 
the electrode with respect to the reference electrode. The measured poten-
tial contains ‘IR’ drop error. This error originates because of a very small 
quantity of current that fl ows between reference and working electrode. 
The ‘IR’ drop error can be higher when electrolyte conductivity is low. 
Therefore, to reduce the ‘IR’ drop, it is recommended that the reference 
electrode be placed close to the electrode surface. A reference electrode 
placed far from the working electrode will introduce a larger error in cor-
rosion potential drop. When measuring the potential of a polarized struc-
ture such as a buried pipeline subject to cathodic protection, the potential 
measured against a reference electrode will contain a signifi cant ‘IR’ drop 
error. This error arises from the resistance of soil placed between the pipe-
line and the reference electrode. The current can be interrupted instanta-
neously during a potential measurement to correct for ‘IR’ effect.

By defi nition, corrosion potentials usually refer to open circuit (no current 
fl ow) measurements. These two terms – open circuit potential and corro-
sion potential – are used interchangeably in corrosion literature. The net 
current at the electrode is zero at the open circuit and the corrosion poten-
tial. However, a distinction is made between these two terms in this chapter. 
The open circuit potential is the measured potential with respect to the 
reference electrode when the electrode is connected to the potentiostat. 
The corrosion potential is the point of transition between the cathodic and 
anodic region in the potentiodynamic polarization curve (see Chapter 3 for 
further details on the potentiodynamic polarization method). The mea-
sured value of corrosion and open circuit potential should be the same. 
However, a difference of several millivolts may be observed. This differ-
ence arises from the presence of an oxide layer at the electrode surface. In 
the measurement of the polarization curve, the electrode is fi rst polarized 
to a cathodic value. This action results in removal of the oxide layer present 
at the electrode surface. Then, the potential is incrementally changed in the 
anodic direction. The transition between the cathodic and anodic curve is 
marked by a sharp dip in measured current. The corrosion potential is 
recorded at this transition point.

Polarization experiments are widely used in corrosion studies. These 
experiments provide useful information such as corrosion potential, 
pitting potential and repassivation potential. Polarization experiments are 
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conducted in aerated and deaerated solutions. Polarization experiments 
also provide information on kinetics of anodic and cathodic reactions taking 
place on the metal/solution interface. The polarization curve can be decom-
posed using the theory of mixed potential to understand the kinetics of 
different electrochemical reactions taking place at the electrode surface. 
The premise of the mixed potential theory is that each electrochemical 
reaction taking place at the metal/solution interface can be treated inde-
pendently (Davis, 2000). The mixed potential diagrams are also called 
Evans diagrams. In the mixed potential theory, any electrochemical reac-
tion can be algebraically divided into separate oxidation and reduction 
reactions. An Evans diagram for zinc metal in hydrochloric acid is pre-
sented in Figure 3.4 of Chapter 3. The fi gure depicts the Evans diagram of 
the dissolution reaction of zinc metal, given by

Zn → Zn2+ + 2e− [7.12]

and the Evans diagram of hydrogen reduction reaction, given by

2H+ + 2e− → H2 [7.7]

Both half-cell reactions occur at the same metal surface. The reduction 
reactions help sustain the anodic dissolution of zinc by consuming the elec-
trons produced by metal oxidation. Both reactions have half-cell electrode 
potential and corresponding exchange current density, as illustrated in 
Figure 3.4 of Chapter 3. Since both half-cell reactions must coexist at the 
same metal surface, each reaction must polarize to a common intermediate 
potential value. This value is called corrosion potential, denoted by Ecorr in 
Figure 3.4 of Chapter 3. The corrosion potential is also referred to as mixed 
potential because it is a result of dynamic equilibrium between oxidation 
and reduction reactions at the electrode surface. In aerated electrolytes, 
Ecorr is also a function of the oxygen content and transport characteristics 
of dissolved oxygen. When the level of oxygen is low, a more negative cor-
rosion potential is seen, which can be attributed to a lower corrosion rate. 
If there are several cathodic reactions, the corrosion potential is determined 
when the sum of the cathodic current curve intersects the anodic current 
curve in the Evans diagram. An example of the mixed potential theory for 
iron corrosion is presented in this chapter. This example also shows the 
effect of more than one cathodic reaction on corrosion potential.

For freely corroding iron in the neutral to alkaline solution, the anodic 
corrosion reaction

Fe → Fe2+ + 2e− [7.6]

must be balanced by the oxygen reduction reaction

O2 + 2H2O + 4e− → 4OH− [7.15]
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If the potential is suffi ciently low, the water reduction reaction will also 
proceed along with the oxygen reduction reaction.

2H2O + 2e− → H2 + 2OH− [7.30]

The anodic current density generated by the iron oxidation reaction can be 
expressed as

i
V E V E

a,Fe

a,Fe

a,Fe

c,Fe

c,Fe= −
−





−
−



10 10b b  [7.32]

where

ia,Fe = current density due to iron dissolution reaction (Ampere/cm2)
V = potential drop across metal/solution interface (Volts)
Ea,Fe = effective anodic equilibrium potential (Volts)
Ec,Fe = effective cathodic equilibrium potential (Volts)
ba,Fe = anodic Tafel slope (Volts/decade)
bc,Fe = cathodic Tafel slope (Volts/decade)

Both anodic and cathodic Tafel slopes are computed from a polarization 
plot where current is plotted on logarithmic scale (see Chapter 3 for addi-
tional details). The current density expression represented by Equation 
[7.32] is a variation of the Butler–Volmer equation (Bard et al., 1989) which 
is widely used in the electrochemistry literature. A general representation 
of the Butler–Volmer equation has four parameters that are experimentally 
determined: 1. exchange current density; 2. equilibrium potential; 3. anodic 
charge transfer coeffi cient; and 4. cathodic charge transfer coeffi cient. Simi-
larly, the current density represented by Equation [7.32] also contains four 
parameters (Ea,Fe, Ec,Fe, ba,Fe, bc,Fe) that are determined experimentally. The 
fi rst term on the right-hand side of Equation [7.32] represents the current 
density due to anodic reaction and the second term is due to the reverse or 
cathodic reaction. In modeling the kinetics of iron dissolution, the second 
term can be neglected because the cathodic contribution will be negligibly 
small in the anodic region. Therefore, the current density due to the cor-
rosion reaction is then given by

ia,Fe = 10(V−EFe)/b Fe [7.33]

where Ea,Fe and ba,Fe (see Equation [7.32] are replaced by EFe and bFe, 
respectively.

The cathodic current generated due to oxygen reduction reaction is given 
by

i
V E V E

c,O2

a,O2

a,O2

c,O2

c,O2= −
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−



10 10b b  [7.34]

where



 Thermodynamics of corrosion and potentiometric methods 169

ic,O2
 =  current density due to oxygen reduction reaction 

(Ampere/cm2)
V = potential drop across metal/solution interface (Volts)
Ea,O2

 = effective anodic equilibrium potential (Volts)
Ec,O2

 = effective cathodic equilibrium potential (Volts)
ba,O2

 = anodic Tafel slope (Volts/decade)
bc,O2

 = cathodic Tafel slope (Volts/decade)

The fi rst term of Equation [7.34] can be neglected because anodic contribu-
tion in the cathodic region will be negligibly small for the oxygen reduction 
reaction. Hence, the current generated by the oxygen reduction reaction is 
give by

i V E
c,O2

O2 O2= − −10( ) / b  [7.35]

where Ec,O2
 is replaced by EO2

, and bc,O2
 is replaced by bO2

. The polarization 
plot for cathodic portion of the oxygen reduction reaction is shown in Fig. 
7.2. This polarization plot can be sectioned into two parts. The fi rst part, 
where the potential drop across the metal/solution interface is the driving 
force for the reaction, is called the activation controlled region of the polar-
ization curve. In the second part of the polarization curve, the diffusion of 

7.2 Polarization plots of oxygen reduction reaction in neutral and 
alkaline solution for three values of mass transfer limited current 
designated as i1, i2 and i3 where i1 > i2 > i3. The horizontal line 
demarcates the activation and concentration parts of the polarization 
curve. In the activation regions, the three plots superimpose for the 
part of the range of the interfacial potential.
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dissolved oxygen to the metal surface controls the current at the metal/
solution interface. In this region, the oxygen reduction reaction rate is fast 
compared to the diffusion of dissolved oxygen. In other words, as soon as 
oxygen molecules reach the metal surface, they react with available elec-
trons at the metal surface to produce the hydroxyl ions. For this reason, this 
portion of the curve is called the concentration polarization. The current 
density due to the oxygen reduction reaction is controlled by the mass-
transfer of oxygen to the electrode surface, and the corresponding mea-
sured current is the mass-transfer-limited current. In the concentration 
polarization region, the oxygen reduction current density does not change 
with potential. The expression for oxygen reduction current density is 
modifi ed according to the following equation to account for mass-
transfer-limited current in kinetic rate expression (Nisancioglu, 1987)

i
i

V E
c,O2

O2 O2= − −





−( )
−1

10
2

1

lim,O

b  [7.36]

where ilim,O2
 denotes the mass-transfer-limited current.

In neutral to alkaline solutions, the oxygen reduction reaction can also 
produce hydrogen peroxide H2O2 (Jones, 1992). However, an experimental 
study conducted by Jovancicevic et al. (1986) indicates that the oxygen 
reduction reaction primarily proceeds via four electron pathways with a 
little H2O2 as an intermediate species on the bare iron.

If the corrosion potential is low enough, the water reduction reaction will 
also proceed along with the oxygen reduction reaction. The mechanism of 
the water reduction reaction is a topic of research (Jerkiewicz, 1998; Chialvo 
and Chialvo, 2000). The cathodic current due to water reduction is given 
by

i
V E V E

a c
c,H2

a,H2

H2

c,H2

H2= −
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where

ic,H2 = current density due to water reduction reaction (Ampere/cm2)
V = potential drop across metal/solution interface (Volts)
Ea,H2 = effective anodic equilibrium potential (Volts)
Ec,H2 = effective cathodic equilibrium potential (Volts)
ba,H2 = anodic Tafel slope (Volts/decade)
bc,H2 = cathodic Tafel slope (Volts/decade)

The fi rst term on the right-hand side of Equation [7.37] can be neglected 
in the cathodic region which yields

ic,H2 = −10(V−EH2)/βH2 [7.38]
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where Ec,H2 is replaced by EH2, and bc,H2 is replaced by bH2.
The net current density due to inet for iron corrosion is given by the sum 

of current densities due to the individual electrochemical reactions

inet = ia,Fe + ic,H2 + ic,O2 [7.39]

The Evans diagram for iron corrosion, hydrogen evolution and oxygen 
reduction reactions is presented in Fig. 7.3. The calculated polarization plot 
representing the net current versus potential is also shown in Fig. 7.3. The 
parameters used in Equations [7.33], [7.36] and [7.38] are given in Table 
7.1. The intersection point of ic,O2 and ia,Fe determine the corrosion potential 
of the freely corroding iron. The water reduction reaction has a negligible 
effect on the corrosion potential in this example because cathodic current 
due to this reaction is negligible. However, in a deaerated solution, the 
corrosion potential would be determined by the intersection of ic,H2 and 
ia,Fe.

For potential more positive than Ecorr, the net current density is anodic. 
In the anodic region, the iron corrosion reaction dominates the water 
and oxygen reduction reactions, and inet ≈ ia,Fe. At potentials less than 
Ecorr, the net current is dominated by the cathodic reactions. In the poten-
tial range of Ecorr > V > −0.1, there was a large change in the absolute 

7.3 Polarization plot for corroding iron showing the interfacial 
potential versus current densities for anodic dissolution of iron iFe, 
hydrogen evolution iH2

, and oxygen reduction iO2
 and net current 

density.
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value of inet with applied potential. At V > −0.1 VSHE, the change of current 
density with applied potential was signifi cantly reduced as ilim,O2 was 
reached. For V < −0.2 VSHE, the change in current density with applied 
potential was resumed as the hydrogen evolution reaction became more 
favorable. For V < −1 VSHE, the plots for the absolute value of ic,H2 and 
inet are superimposed.

This example shows that given suffi cient information about the electro-
chemical reaction, the mixed potential theory can be used to calculate the 
corrosion potential and corrosion current. However, in practice, very 
limited data is available to generate the Evans diagram with confi dence. In 
general, experimental techniques such as polarization methods are used to 
determine the polarization plot, which is then interpreted using the mixed 
potential theory.

7.3 Galvanic series of alloys

Because alloys consist of more than one metal element, the standard elec-
trode potential of these systems cannot be defi ned by the electrode poten-
tial of pure metal. Moreover, the conditions affecting the corrosion 
potential of the solid alloys in a given environment are not well under-
stood. For this reason, the galvanic series has been developed by 
experimentally measuring the corrosion potential of alloys in a given 
environment.

A galvanic series has been compiled from experimentally collected data 
for corrosion potential of metals and alloys in aerated fl owing seawater, 
which indicates their relative nobility. The relative position of the materials 
can change in other environments. The further apart the materials are in 
this series, the higher the risk of galvanic corrosion, which occurs when two 
dissimilar metals are in electrical contact with each other. In galvanic cor-
rosion, a less noble alloy corrodes faster than a nobler alloy. For example, 
if zinc and steel are electrically connected in a saltwater solution, the zinc 
will corrode, whereas steel will not. This is due to fact that zinc is more 

Table 7.1 Parameter values used in Equations [7.33], [7.36] and [7.38] for 
calculating current versus potential diagram for iron oxidation, oxygen 
reduction and water reduction reactions

Reaction b, V/decade
E (Volts versus standard 
hydrogen reference electrode)

Fe → Fe2+ + 2e− 0.0626 −0.475
O2 + 2H2O + 4e− → 4OH− 0.0665 −0.500
2H2O + 2e− → H2 + 2OH− 0.132 −0.800
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active than steel. Therefore, a thermodynamically viable electrochemical 
cell will set up between the two metals.

The relative position of an alloy with respect to other alloys is a useful 
tool for selecting metals to be joined. The closer positioned alloys have 
a lesser tendency to interact galvanically, and the further apart the materi-
als are in the galvanic series, the higher the risk of galvanic corrosion 
(ASTM, 1984). As a result, the more active alloys corrode at enhanced 
rates. The galvanic series does not provide any information on the rate 
of corrosion. It serves only as a basic qualitative guide. The galvanic series 
must be used with caution. If the environment is different from aerated 
seawater, the corrosion potential measurements must be independently 
performed.

The corrosion potentials of various alloys in fl owing aerated seawater are 
listed in Table 7.2. This list is compiled from the graphical data presented 
in several sources (Kelly et al., 2003; Uhlig and Revie, 1984; Treseder et al., 
1991). Therefore, exact values reported in the table must be used with 
caution. Many of these alloys have dual surface behavior and can become 
active after exhibiting passivity, particularly in low-velocity or poorly 

Table 7.2 Measured corrosion potentials of alloys in fl owing seawater

Alloy
Ecorr (Volts vs. Saturated Calomel 
Reference Electrode)

Graphite 0.3 to 0.2
Hastelloy C-276 0.1 to −0.04
Titanium and titanium alloys 0.06 to −0.05
Alloy 825 0.04 to −0.02
Inconel 625 0.1 to −0.04
Nickel 200 −0.1 to −0.2
Stainless steel – Type 316, 317 0.0 to −0.15

(−0.36 to −0.46 in poorly aerated 
solution, crevice areas, or when 
covered with slimed fi lm of bacteria)

Stainless steel – Type 302, 304, 
321, 347

−0.07 to −0.12
(−0.46 to −0.57 in poorly aerated 

solution, crevice areas, or when 
covered with slimed fi lm of bacteria)

90–10 copper nickel −0.21 to −0.28
Pb-Sn solder (50/50) −0.26 to −0.35
Aluminum bronze −0.3 to −0.4
Naval brass, tin brass, red brass −0.3 to −0.4
Nickel-chromium alloy 600 −0.38 to −0.47
Cast irons −0.6 to −0.72
Mild steel −0.6 to −0.72
Aluminum alloy −0.7 to −0.9
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aerated water and at shielded areas. To develop the galvanic series of 
various alloys, use the ASTM standard procedure (ASTM, 1984).

7.4 Potentiometric methods for measuring 

localized corrosion

Localized corrosion is a term used for accelerated loss of material due to 
electrochemical reactions at selective sites of a metal’s surface. In localized 
corrosion, the discrete sites at a metal surface corrode at an accelerated 
rate compared to the rest of the metal surface. In Chapter 2, the fundamen-
tal concepts of localized corrosion and passivity are described. Nonetheless, 
additional material on localized corrosion is covered in this chapter to 
complete the discussion on these topics. In Chapter 3, various potentiomet-
ric methods that are used to evaluate corrosion processes are described. In 
this section, the use of potentiometric methods for measuring the localized 
corrosion susceptibility of a given structure submersed in a chemical solu-
tion is discussed. Examples are presented to highlight key points.

There are different forms of localized corrosion such as pitting and 
crevice corrosion. In general, the localized corrosion sites at a given metal 
surface experience accelerated anodic reactions. The anodic reactions at 
selected sites are supported by cathodic reactions at the rest of the metal 
surface. The occurrence of localized corrosion proves that the anodic 
surface area can be much smaller than the cathodic area. Therefore, a suf-
fi cient cathodic area is necessary to support the anodic reaction. The ratio 
of anodic to cathodic area can be an important factor for localized corrosion 
whereas in the general corrosion process both anodic and cathodic sites are 
assumed to occupy equal area. Corrosive microenvironments, which tend 
to be very different from the bulk environment, often play a critical role in 
the initiation and propagation of corrosion pits or crevice sites (Day et al., 
2003). The localized corrosion could result in perforation or other failure, 
thus reducing the service lifetime of the structure in use. To understand the 
localized corrosion, we fi rst briefl y explore the concept of passivity.

7.4.1 Passivity

As discussed in Chapter 2, passivity plays an important role in corrosion 
resistant alloys. Thermodynamically, a metal surface may have a large 
driving force for its dissolution in an aqueous environment. However, cor-
rosion-resistant alloys are covered with a protective passive fi lm, which 
reduces the rate of corrosion of the metal in the solution (Uhlig, 1978; 
Wagner, 1965).

In a series of experiments, Faraday (1965) observed that iron dissolves 
rapidly in dilute nitric acid solution. However, in concentrated nitric acid 
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solution, the iron does not react with nitric acid, and the same iron sample 
showed corrosion-resistant properties when immersed in the dilute nitric 
acid solution. The sample also started to corrode at an elevated rate when 
scratched. Schöenbien (1836) termed this phenomenon as passivity. He 
suggested that in the concentrated nitric acid, the iron surface develops a 
passive fi lm, which retards its dissolution. However, once a scratch damages 
the passive fi lm, the metal dissolved at an accelerated rate in the dilute 
nitric acid solution.

The potentiodynamic polarization measurements can be used to deter-
mine whether a metal will exhibit passive corrosion or active corrosion. 
These measurements can be conducted using a cyclic potentiodynamic 
polarization test. The polarization plot of a metal exhibiting the passive 
behavior is presented in Fig. 3.9 of Chapter 3. The fi gure shows that when 
metal potential is increased to a more positive value, the rate of metal dis-
solution increases. The rate of dissolution reaches a maximum value when 
applied potential is at the primary passive potential, denoted by Epp in the 
fi gure. The corresponding current, termed as critical anodic dissolution 
current density, is denoted by icrit. When applied potential is more positive 
to Ecrit, the metal dissolution current decreases with applied potential. The 
region of the polarization curve where the dissolution current remains high 
is called the active region. As the potential is increased to a more positive 
value than Ecrit, the dissolution current becomes constant with applied 
potential in the passive region. This behavior of the metal surface is called 
passive dissolution, and the associated region of the curve is labeled the 
passive region. If the corrosion potential of the metal/solution system lies 
in the passive region, the metal will corrode at the rate of passive current 
density, denoted by ipass. In the passive region, a large potential increase of 
the metal does not cause signifi cant increases in dissolution rates. As the 
metal potential increases to a more positive value, passive fi lm would break 
down. As a result, the current increases rapidly with the applied potential, 
which indicates that the passive fi lm is no longer able to protect the metal 
surface.

Passivity behavior is attributed to passive fi lm on the metal surface. The 
passive fi lm acts as a barrier between the metal surface and the corrosive 
environment. Such fi lms can block the oxygen transport and cause the cor-
rosion potential to change. For example, Alloy 22 passivates in chloride 
solution due to the formation of chromium oxide fi lm (Mon et al., 2005). 
Similarly, steel pipes may passivate in alkaline solutions due to formation 
of an Fe(OH)2 fi lm on the pipe surface (Jones, 1992).

The stability of passive fi lm on a metal surface in a given environment 
can be determined by examining its polarization plot and location of the 
corrosion potential in the polarization curve (Fontana, 1978). An aniodic 
polarization of the metal in a given solution is presented in Fig. 7.4. This 
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hypothetical anodic polarization curve represents the condition when little 
or no oxidizing species (such as dissolved oxygen in aerated solution) are 
present in the solution. In this Figure, the cathodic polarization curves for 
three different conditions are also presented. In the fi rst conditions (starting 
from a lower potential cathodic curve), the corrosion potential, denoted by 
Ecorr,1 lies in the active region. As a result, the passive fi lm will not form and 
metal will corrode at an elevated rate. The second cathodic curve intersects 
the anodic curve at two positions: the fi rst intersection point lies in the 
passive region and the second one in the active region. The corresponding 
corrosion potential is Ecorr,2 at the locations of intersection. In this case, the 
passive fi lm is unstable because the metal will come to the stable state 
where maximum current is achieved. In the third case, the cathodic current 
curve intersects the anodic current curve in the passive region, and the cor-
rosion potential at the point of intersection is denoted by Ecorr,3. The passive 
fi lm will remain stable at Ecorr,3, and slow passive dissolution of metal will 
take place.

The long-term stability of the passive fi lm is still not completely under-
stood (Baker, 1986). If the passive fi lm becomes unstable, the metal surface 
will corrode at the higher rate. The US Department of Energy has proposed 
using a 2 cm thick Alloy 22 outer container for the permanent disposal of 

A n++ne –

A

Ecorr,2

Ecorr,2

Ecorr,1

log10 (Current density)

P
ot

en
tia

l
Ecorr,3

Unstable
passivity 

Active 

Stable
passivity

M M++e–

A n++ne –

A

A n++ne –

A

7.4 Hypothetical polarization plot of a passive metal. The metal 
exhibits the stable passive behavior when corrosion potential lies in 
the passive region.



 Thermodynamics of corrosion and potentiometric methods 177

high-level waste in the potential repository at Yucca Mountain (Bechtel 
SAIC Company, 2004). Alloy 22 is a highly corrosion-resistant material that 
depends on a passive layer only nanometers-thick for its corrosion resis-
tance (Estill et al., 2003). The measurement of the corrosion rate of passive 
Alloy 22 has been determined to less than 0.1 µm/year in the potential 
Yucca Mountain repository environment (in both alkaline and acidic solu-
tions) at temperatures below 95 °C. Technical experience with Alloy 22 is 
only a few decades long, whereas service lifetime of 10 000 years or more 
is expected of these containers in the proposed repository. Technical 
advances in determining the long-term stability of passive fi lm could help 
determine the service lifetime of metal containers for high-level nuclear 
waste disposal.

7.4.2 Localized corrosion susceptibility indicators

The initiation and development of the localized corrosion can be judged by 
measuring the potential drop across metal/solution interface under various 
conditions. As discussed in Chapter 2, the crevice and pitting corrosion are 
two possible modes of localized corrosion (Farmer and McCright, 1998). 
The schematic diagrams of crevice and pitting corrosions are presented in 
Fig. 7.5a and b, respectively.

In pitting corrosion, cavities or holes appear on the exposed metal surface. 
The anodic metal dissolution reactions proceed with an accelerated rate in 
these cavities. The large cathodic areas surrounding the cavities and holes 
support the anodic area. In the crevice corrosion, the metal dissolution 
reactions take place in the occluded regions. In both modes of localized 
corrosion, a local chemical environment develops in the anodic sites 
(Tsujikawa et al., 1987; Tsujikawa and Okayama, 1990; Newman et al., 
1987). In most cases of localized corrosion, the local environment in the 
pits and crevices is more acidic than the cathodic region. For crevice cor-
rosion, the occluded regions tend to occur in shielded areas (crevices) such 
as those formed under gaskets, washers, insulation material, fastener heads, 
surface deposits, disbonded coatings, threads, lap joints and clamps. Crevice 
corrosion is initiated by changes in local chemistry within the crevice. The 
changes in chemistry could occur due to depletion of oxygen, buildup of 
aggressive ionic species such as chloride ions, or depletion of inhibiting 
species (Walton et al., 1996).

The threshold of chemical, environmental, electrochemical and metal-
lurgical conditions to initiate pitting corrosion is generally higher than 
conditions necessary for crevice corrosion initiation (Frankel, 1998). For 
example, Alloy 22 is expected to have a very low propensity to pitting cor-
rosion in the potential Yucca Mountain repository environment; however, 
suffi cient evidence exists that crevice corrosion could be induced in the 
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repository environment, which would be a combination of high-concentra-
tion chloride salts and high temperatures (Gdowski, 1991; Cragnolino et al., 
1999; Dunn et al., 2003).

The repassivation potential, Erp, has been proposed as an indicator for 
long-term initiation of localized corrosion by several investigators (Tsujik-
awa and Hisamatsu, 1984; Tsujikawa and Kojima, 1991; Dunn et al., 1995). 
If the corrosion potential, Ecorr, of the metal exceeds Erp, then localized 
corrosion can initiate. Pourbaix et al. (1963) also proposed the use of the 
Erp (also called the protection potential) as localized corrosion susceptibil-
ity indicator. However, later studies (Wilde, 1974; Rosenfeld et al., 1978) 
indicated that the Erp decreases with an increasing extent of prior corrosion; 
therefore, to be a useful parameter for predicting long-term localized cor-
rosion, a lower bound value for Erp must be established.

The breakdown potential, denoted by Ebd, is the potential above which 
pits are initiated, while pits repassivate below the repassivation potential. 

7.5a Schematic diagrams of the crevice corrosion.
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The crevice corrosion is initiated above the repassivation potential Erp. The 
corrosion potential Ecorr of the metal/solution interface must exceed the Ebd 
for the initiation of pitting corrosion and Erp for the initiation of crevice 
corrosion. Thus, the higher the value of Ebd, the more resistant is the metal 
to the initiation of pitting corrosion. The higher Erp, the more easily the 
metal can repassivate. At potentials between Erp and Ebd, crevice or pitting 
sites that have initiated can propagate.

7.4.3 Measurement of localized corrosion 
susceptibility indicators

The localized corrosion will initiate and propagate if the corrosion poten-
tial, Ecorr, is greater than the repassivation potential, Erp. Pits will initiate 
and propagate if corrosion potential is greater than breakdown potential, 
Ebd, whereas crevices will undergo localized corrosion when corrosion 
potential is greater than the repassivation potential, Erp.

Ebd and Erp are determined by conducting the cyclic potentiodynamic 
polarization in the deaerated test solutions. The use of deaerated solution 
is important; otherwise, the oxygen reduction reaction will interfere with 
anodic dissolution reactions of the metal. A standard procedure for cyclic 
potentiodynamic polarization measurements is outlined in ASTM 
standard G61-86 (ASTM, 2003). In this test method, the potential of the 
metal surface is scanned starting from the corrosion potential to an anodic 
value. The electrode potential is scanned at a fi xed rate. The ASTM 
standard procedure recommends a scan rate of 0.6 volts/hour. The elec-
trochemical cell to conduct this test can be similar to that shown in Fig. 
3.11 of Chapter 3. The test solution must be suffi ciently purged to remove 
oxygen before specimen immersion. The electrochemical cell contains the 
working electrode (i.e., metal being studied), a reference electrode, and 
a counter electrode usually made of platinum. The cell has a gas bubbler 
to control the quantity of dissolved gases in the solution. The electrolyte 
can be deaerated by bubbling the pure argon or nitrogen to purge the 
dissolved oxygen from the solution. Similarly, if necessary, the electrolyte 
can be saturated with pure oxygen by bubbling it with air for studying 
the oxygen reduction reaction. As a standard practice, the potential is 
scanned in the positive direction beginning at the corrosion potential 
(Ecorr) at a scan rate of 0.6 volts/hour. The current is continuously recoded 
by the potentiostat. The breakdown potential marking the onset of local-
ized corrosion is where a rapid increase in current is observed at potentials 
below the oxygen-evolution potential. When the current reaches 5 milli-
ampere, the potential scan direction is reversed, and applied potential is 
decreased until the hysteresis loop closes or until the corrosion potential 
is reached.
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A generic polarization of a metal that exhibits passivity (no passive fi lm 
breakdown) between the corrosion potential and the breakdown potential 
is presented in Fig. 2.4 of Chapter 2, where Erp is labeled as Erpit and Ebd is 
labeled as Epit. If no breakdown of passive fi lm is seen in the polarization 
plot at high enough anodic potentials, then breakdown potential is observed 
when oxygen evolution reaction begins. At the breakdown potential, the 
current rapidly increases with applied potential. After reaching a high 
current value (5 mA is recommended by the ASTM Procedure (2003)), the 
potential scan direction is reversed. As a result, the current starts to 
decrease. The reverse scan intersects the forward scan at Erp where mea-
sured current density is to the level of intact passive fi lm current density in 
the forward scan. Erp provides a measure of crevice corrosion susceptibility 
for evaluating the passive alloys. A large amount of experimental data has 
confi rmed this observation. In general, once initiated, localized corrosion 
can propagate at a potential more electropositive than the repassivation 
potential. For high-level spent fuel waste packages, the repassivation poten-
tial is selected by the US Department of Energy as the lowest potential at 
which crevice corrosion can initiate in extremely long exposures (Hua 
et al., 2004, Dunn et al., 2000a, b).

Two representative cyclic potentiodynamic polarization plots for Alloy 
22 in 5.0 M CaCl2 solution and in 5.0 M CaCl2 plus 0.5 M Ca(NO3)2 solution 
are presented in Fig. 7.6 (Bechtel SAIC Company, LLC, 2003). These 
experiments were conducted for the multiple crevice assembly sample in 
two separate solutions. In the fi rst cyclic potentiodynamic polarization plot 
of Alloy 22 in 5.0 M CaCl2 solution, the reverse scan intersects the forward 
scan at 0.1 VSSC (SSC is the acronym for the saturated silver–silver chloride 
reference electrode), whereas the point of intersection is lowered to the 
value of −0.18 VSSC with addition of 0.5 M Ca(NO3)2, as shown in the second 
polarization plot. The repassivation potential is lowered by approximately 
0.3 volts with the addition of nitrate ions in the test solutions. This result 
demonstrates a strong inhibitory effect of nitrate anion on initiation of 
localized corrosion.

If the reverse polarization scan does not intersect the forward scan, the 
repassivation potential can be estimated using a threshold current density 
(Bechtel SAIC Company, LLC, 2003). Such a cyclic potentiodynamic polar-
ization plot is presented in Fig. 7.7 where current values of reverse scan 
potentials are less than forward scan. For this system, the repassivation 
potential is determined where the threshold current density of 1 µA/cm2 is 
attained in the reverse polarization curve.

The repassivation potentials obtained from the cyclic potentiodynamic 
polarization tests are conservative measures of the critical potential for 
localized corrosion initiation, and information on processes such as local-
ized corrosion initiation time (i.e., initial local passive fi lm breakdown), 
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stabilization, and propagation cannot be obtained from cyclic potentiody-
namic polarization tests. A more realistic measure of the critical potentials 
can be obtained using the potentiostatic polarization method. Pitting and 
crevice corrosion initiation times can be measured by polarizing a test 
specimen to potentials above and below the Erp measured in cyclic poten-
tiodynamic polarization tests. This method can be used to validate the 
repassivation potential as a parameter for determining long-term perfor-
mance. In this technique, the sample is potentiostatically held at a poten-
tial and monitored for the corrosion current. The procedure for this test 
has been outlined in Chapter 3. In localized corrosion studies, a test 
sample is polarized at a given potential, and variation of current 
is recorded as a function of time. This test is conducted in an aerated 
solution.

When a metal is polarized at a constant potential, the measured current 
may decrease with time until a steady state is reached. If steady-state 
current density is equal to or less than passive current density, the localized 
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corrosion would not initiate; otherwise, the localized corrosion penetration 
rate can be estimated from potentiostatic measurements. For Alloy 22, 
potentiostatic tests have been used to determine the evolution of the crevice 
corrosion penetration depth as a function of time (Bechtel SAIC Company, 
LLC, 2003). The measured current densities from the potentiostatic tests 
were used to determine the localized corrosion penetration rates under 
various conditions. However, steady state may not be achieved in labora-
tory tests. Furthermore, the measured current density may not accurately 
represent anodic dissolution reactions. For example, in the presence of dis-
solved oxygen, the reduction of oxygen to water may consume electrons, 
short-circuiting the fl ow of current to the counter electrode. Thus, the 
actual passive current density for metal dissolution may be higher than the 
measured one. The magnitude of this underestimation of the passive current 
will depend on the system and the value of the applied potential.

7.5 Summary

Although the use of repassivation potential as a localized corrosion sus-
ceptibility indicator is still debated, it is widely used for this purpose for 
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extremely corrosion-resistant materials such as Alloy 22. The repassivation 
potentials obtained from the cyclic potentiodynamic polarization in deaer-
ated solutions are conservative measures of the critical potentials for local-
ized corrosion initiation. Both crevice and localized corrosion could 
propagate when corrosion potential, measured in aerated solution, is higher 
than repassivation potential. However, the threshold of chemical, environ-
mental, electrochemical and metallurgical conditions necessary to initiate 
pitting corrosion is generally higher than conditions necessary for crevice 
corrosion initiation. The breakdown potential, denoted by Ebd, is the poten-
tial above which pits are initiated, while pits repassivate below the repas-
sivation potential, denoted by Erp. The corrosion potential, Ecorr, of the 
metal/solution interface must exceed Ebd or initiate pitting corrosion and 
Erp to initiate crevice corrosion. In addition, existing pits are likely to 
propagate above the repassivation potential. Thus, the higher the value of 
Ebd, the more resistant is the metal to the initiation of pitting corrosion. 
The higher Erp, the more easily the metal can repassivate. At potentials 
between Erp and Ebd, crevice or pitting sites that have initiated can 
propagate.
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8
Multielectrode systems

L I E TA I YA N G, Department of Earth, Material and Planetary 
Sciences, Southwest Research Institute, San Antonio, Texas, USA

8.1 Introduction

Multielectrode systems have been used for electrochemical and corrosion 
studies for at least three decades. Coupled multielectrode systems, in which 
the multiple electrodes are connected together through an external circuit 
and all electrodes are essentially at the same potential, were fi rst used as 
high throughput devices for the measurements of the stochastic behavior 
of pitting corrosion in 1977. Similar concepts were reported for corrosion 
detection in concrete in 1991, and for crevice corrosion measurements in 
1993.

Multielectrode arrays, in which the multiple electrodes are arranged in 
a given pattern and each electrode is addressable, have been used since 
1984. The early work on the multielectrode arrays appears to have been 
for the development of electronic devices. The concept of multielectrode 
arrays for corrosion studies, in the uncoupled form, was fi rst reported in 
1991. The fi rst coupled multielectrode array that was used to simulate a 
one-piece metal for studying the spatiotemporal electrochemical behaviors 
and corrosion processes of iron in sulfuric acid solutions was published in 
1996. Because the electrodes in a multielectrode array can be arranged in 
any given pattern and each of the electrodes is addressable, the coupled 
multielectrode arrays have been widely used by researchers to study the 
corrosion processes, especially the localized corrosion processes, of 
metals.

Recently, coupled multielectrode arrays have been used as sensors (called 
coupled multielectrode array sensors (CMASs)) for online and real-time 
monitoring of corrosion in laboratories and industrial fi elds. Because a 
CMAS does not require the presence of bulk electrolytes, CMAS probes 
have been used to quantitatively measure the localized corrosion of metals 
not only in aqueous solutions, but also in wet gases, oil/water mixtures, 
salt deposits, biodeposits, soil, concrete and undercoatings. CMAS probes 
were also used for real-time monitoring of the performance of cathodic 
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protection systems. In addition to the real-time measurement of the quan-
titative rate of localized corrosion, such as pitting and crevice corrosion, 
CMAS probes have also been used to measure the average corrosion rates. 
This chapter presents a review for the development of the coupled multi-
electrode array systems for corrosion monitoring.

8.2 Earlier multielectrode systems for high 

throughput corrosion studies

The fi rst published use of a multielectrode system appears to have been by 
Shibata and Takeyama1 concerning the evaluation of the stochastic behav-
ior of pitting corrosion. Figure 8.1 shows the schematic diagram of the 
multielectrode system. Twelve stainless steel specimens were assembled 
onto a specimen holder and each of them was individually connected, 
through independent ammeters and relays, to a common joint which was 
in turn connected to a potentiostat. The potential of the specimens was 
increased at a given constant rate (mV per second) in the anodic direction 
by the potentiostat. A timer was used for each specimen to trigger the 

Test cell
Counter
electrode

Potentiostat

Multichannel
pitting
corrosion
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8.1 Schematic diagram of a multielectrode system for high 
throughput pitting potential measurements.1
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opening of the relay if the current from that specimen exceeded a given 
value, which indicated the initiation of pitting corrosion for that specimen. 
Because the potential was increased linearly from a known value, the poten-
tial at which each relay was triggered was known from the timer. In this 
way, the authors were able to obtain 12 pit initiation potentials in one 
experiment, which greatly increased the effi ciency of the pitting potential 
measurements, and enabled them to study the stochastic behavior of the 
pitting corrosion of stainless steel.

Because the multiple electrodes were connected to one common joint 
and all the electrodes were at the same electrode potential during the test 
(before the trigger was initiated by the timer), this system can also be cate-
gorized as a coupled multielectrode system. The current through each elec-
trode was also individually measured.

Similar high-throughput measurements were also reported by Tan and 
Xu in 1987 in the evaluation of coating performance on steel.2 Multiple 
specimens coated with different corrosion-prevention oils were assembled 
in an electrochemical cell and connected to a common joint through 
individual manual switches (Fig. 8.2). This was the same as Shibata and 
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Reference
electrode 
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8.2 Schematic diagram of a multielectrode system for high 
throughput evaluation of coatings.2
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Electrodes
(0.12 µm thick, 3 µm wide

and 140 µm long)

8.3 Schematic diagram of a micro multielectrode array device.4

Takeyama’s approach. The common joint was connected to a potentiostat; 
an ammeter and a voltmeter were used to measure the total current fl owing 
through all the specimens (electrodes) and the potential of the electrodes 
(at the common joint), respectively. During the measurements, a constant 
anodic current was applied to the multiple specimens (measured as the 
total current as compared with the individual current in the study by 
Shibata and Takeyama). Because the specimens with poor coatings allowed 
the anodic current to pass easily and the specimens with high-quality coat-
ings did not allow the current to fl ow, the authors were able to identify the 
quality of the different coatings by interrogating the switches. For example, 
if the potential changed signifi cantly only after opening the switch con-
nected to the fi rst specimen, the coating quality on the fi rst specimen was 
poor. On the other hand, if the potential did not change before and after 
opening the fi rst switch, the quality of the coating on the fi rst specimen was 
at least not worse than one of the others that were connected to the 
common joint.

8.3 Uncoupled multielectrode arrays

The fi rst published multielectrode array appears to be the multiple gold 
microelectrode system on a single-crystal silica substrate developed by the 
group at Massachusetts Institute of Technology (USA)3–5 using microfabri-
cation techniques. In one example,4 the array was comprised of eight indi-
vidually addressable gold microelectrodes, each being about 0.12 µm thick, 
3 µm wide, and 140 µm long, and separated from each other by a 
distance of 1.4 µm (Fig. 8.3). The authors coated electroactive polymers on 
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the microelectrode arrays and electrochemically characterized the semi-
conducting properties of the arrays as molecule-based electronic devices 
such as diodes. A similar microelectrode array was also used by Wang to 
study the electrochemical behavior of the high-resistance lubricant by 
coating the closely packed electrodes with ionically conducting polyethyl-
ene oxide fi lm.6

The fi rst published uncoupled multielectrode array for corrosion studies 
(also called wire beam electrode, WBE) appears to be the one described 
by Tan7 and Tan and Yu8 in 1991 for measuring the corrosion behavior of 
carbon steel under oil-based coatings. Later, similar multielectrode arrays 
were used to study nonuniform corrosion under protective coatings and salt 
deposits.9–16 In a typical uncoupled multielectrode array, a large number of 
wires (0.5 to 2 mm in diameter) are fl ush-mounted in epoxy and arranged 
in a square confi guration with the cross-section exposed to an electrolyte. 
The spatial behavior of corrosion or the electrochemical heterogeneity is 
characterized by the measurement of the open-circuit potential map from 
each electrode, and by the measurement of the current map or electrical 
resistance map between pairs of selected wires. Readers are encouraged to 
read Chapter 27 for more on this topic.

8.4 Coupled multielectrode systems for 

corrosion detection

One of the devices described by Schiessl in a US patent17 issued in 1991, 
and in a patent application18 initially fi led in Germany in 1988 appeared to 
be the fi rst coupled multielectrode system for corrosion monitoring (Figure 
8.4). This coupled multielectrode system consisted of multiple steel anodes 
that were composed of materials similar to the reinforcement material and 
a corrosion-resistance cathode. Both the anodes and the cathode were 
embedded in a concrete structure. The steel anodes were separated from 
each other at different distances from the external surface of the concrete 
structure, and each electrode was independently connected (coupled) to 
the cathode through a resistor. The coupling current from each anode to 
the cathode as a result of corrosion was measured by a voltage-measuring 
system that was connected to both ends of the resistor to establish the 
temporal course of the penetration of substances (e.g., chloride) that were 
capable of damaging the reinforcement. Similar applications in concrete 
were reported later in other publications by Schiessl and coworkers and by 
other investigators.19–24

In 1993, Steinsmo and coworkers reported on similar galvanically coupled 
multielectrode systems used to study the crevice corrosion of stainless steel 
materials in seawater.25–28 Figure 8.5 shows the galvanically coupled multi-
electrode system used by Steinsmo and coworkers. In this system, several 



192 Techniques for corrosion monitoring

Cathode Anodes

Resistors

Voltmeters

Concrete
external
surface 

Concrete

8.4 Schematic diagram of a galvanically coupled multielectrode 
system used to detect the onset of corrosion of carbon steel 
reinforcing materials at different locations. Note: The anodes were 
made of carbon steels similar to the reinforcing material; the cathode 
was made of special steels or alloys.17

creviced stainless steel specimens were independently coupled to a large 
non-creviced specimen (similar to the creviced specimens in composition) 
through resistors. The corrosion process taking place in the crevices made 
the electrode potential of the creviced specimen more negative (or anodic) 
than the large non-creviced specimen (cathode) and produced a coupling 
current from the large non-creviced specimen to the creviced specimen. 
The coupling current was measured across its associated resistor and used 
to indicate the degree of crevice corrosion. The reference electrode in Fig. 
8.5 was used to measure the potential of the coupled multielectrode 
system.

Figure 8.6 shows typical results obtained with the coupled multielectrode 
system by Steinsmo et al.27 The measurement was conducted in a seawater 
test loop at 15 °C, a condition under which the specimen is normally not 
subject to crevice corrosion. The purpose of this measurement was to study 
the effect of temporary upset conditions on crevice corrosion of a welded 
UNS S31254 material in seawater. Prior to the start of the measurement in 
Fig. 8.6, the crevice specimens were temporarily aged at high temperatures 
and high electrochemical potentials to initiate crevice corrosion. Figure 8.6 
shows that the corrosion attack continued to propagate at 15 °C for 10 to 
20 days before repassivation took place.

The use of resistors between the coupling joint and each electrode in Figs 
8.4 and 8.5 might cause potential variations among the different electrodes. 
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8.5 Schematic diagram of a galvanically coupled crevice cell system. 
(a) Crevice assembly and (b) galvanic coupling of crevice assemblies 
and stainless steel cathode.27 © NACE International 1997.

As long as the currents fl owing through the individual electrodes were low, 
or the resistors were small, such variations would not be signifi cant 
compared with the potential changes required to cause signifi cant current 
changes on a typical polarization curve. Therefore, Figs 8.4 and 8.5 may be 
considered as the coupled multielectrode systems according to the defi ni-
tion at the beginning of this chapter (all electrodes are essentially at the 
same potential).

The multielectrode technique shown in Figs 8.4 and 8.5 requires only 
straightforward voltage measurements and yet is capable of detecting the 
onset of general and localized corrosion under service conditions. Depend-
ing on its accuracy and resolution, the voltage-monitoring instrument may 
be able to detect corrosion in the early stages of degradation. The disad-
vantage of this technique is that it cannot be used to determine the true 
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rate of general or localized corrosion because of the large surface area of 
the crevice (5.5 cm2 in Fig. 8.5).

8.5 Coupled multielectrode arrays for spatiotemporal 

corrosion and electrochemical studies

The fi rst published coupled multielectrode array for corrosion and elec-
trochemical studies appears to be the one described by Fei et al. in 1996.29 
The coupled multielectrode array was used to simulate a one-piece metal 
electrode for the study of the spatiotemporal electrochemical behavior 
of iron metal in a sulfuric acid solution. The electrode arrays consisted 
of 16 (a 2 × 8 rectangle or a 4 × 4 square) or 61 (a hexagonal shaped-
bundle) electrodes (cross-section of 0.5 mm diameter wires) embedded in 
epoxy (Fig. 8.7).29–30 The individual wires were coupled to a common joint 
using a multichannel zero-resistance ammeter (ZRA) box and the current 
fl owing through each individual electrode was independently measured. 
The common coupling joint was connected to the working electrode jack 
of a potentiostat so that the electrode array could be polarized to study 
the electrochemical spatiotemporal pattern of the electrode array at dif-
ferent potentials. With the 61-electrode array, it was shown (Fig. 8.8) 
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8.6 Galvanic current densities between three creviced specimens of 
welded UNS S31254 and a cathode as a function of time in seawater 
at 15 °C.27 © NACE International 1997.
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8.7 Schematic diagram of a coupled multielectrode array system used 
to study the spatiotemporal pattern of the nonuniform corrosion of 
iron in sulfuric acid solution. Modifi ed according to Ref. 30, with 
permission from Z. Fei and J.L. Hudson.

that: (a) the activation (corrosion) of metal started at the center electrodes 
and propagated from the center to the edge; and (b) the passivation 
started from the edge electrodes and propagated in the opposite direction 
(from the edge to the center). By comparing the behavior of the total 
current from the electrode array with the behavior of the current from 
a one-piece electrode, the authors concluded that the array of electrodes 
behaved similarly to a one-piece electrode of the same shape and total 
area. Thus, the electrochemical spatial patterns observed with the elec-
trode array are representative of patterns on a one-piece metal electrode. 
By using the coupled multielectrode array, the authors were able directly 
to determine the spatial pattern of the active-passive electrochemical oscil-
lations and how the oscillation wave front travels on a large iron electrode. 
Hudson and coworkers conducted extensive studies in this area, and the 
results were reported in a large number of publications.31–44 Similar 
coupled multielectrode arrays were also used extensively by others 
to study the corrosion mechanism and spatial interactions among the 



196 Techniques for corrosion monitoring

0.0

(a)

(b)

0

2

4

1

4

2

5

3

6

7

6

8

10

0.1 0.2 0.3 0.4 0.5 0.6

Time (s)

In
di

vi
du

al
 c

ur
re

nt
 I 

(m
A

)

0.7 0.8 0.9 1.0 1.1 1.2 1.3

1

4

2

5

3

6

7

0.170 0.171 0.172 0.173 0.174 0.175 0.176 0.177 0.178 0.179 0.180

0

2

4

6

8

10

Time (s)

In
di

vi
du

al
 c

ur
re

nt
 I 

(m
A

)

8.8 Currents of individual electrodes on the 61-electrode array, as 
shown in Fig. 8.7 during (a) activation and (b) passivation. Note: The 
electrode numbers are shown in Fig. 8.7. Source: Ref. 30, with 
permission from the American Chemical Society.

localized corrosion sites on different metals,45–53 and the localized 
corrosion behavior of aluminum alloys,54–60 copper alloy,61 nickel,62 the 
characteristics of chromate coatings63 and atmospheric corrosion.61,64 
Coupled multielectrode systems were also used to study the deposition 
of metals.65–66
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8.6 Coupled multielectrode arrays for spatiotemporal 

corrosion measurements

Coupled multielectrode arrays (also called WBE) were used by Tan et al., 
to study the spatiotemporal patterns of the localized corrosion current and 
potential on carbon steel electrodes.67–78 Their work with the coupled mul-
tielectrode arrays was fi rst published in 1997.67 Figs 8.9a and b show the 
multielectrode array used in their studies.68 In Figs 8.9a and b, multiple 
electrodes were directly connected to a common joint. The current fl owing 
through each electrode was measured by momentarily decoupling the elec-
trode from the common joint and inserting a ZRA between the electrode 
and the common joint. The potential of the individual electrodes and the 
coupling joint was measured with a voltmeter (V) and a reference electrode 
(RE). Because the potential of each electrode was measured under open-
circuit conditions, this system was not operating under truly coupled condi-
tions. The decoupling of electrodes for the measurement of the open-circuit 
potential may have affected the ability of this system to simulate the behav-
ior of a one-piece metal.

In a localized corrosion environment, each mini-electrode was consid-
ered to corrode uniformly and behave as an ideal electrochemical system 
because of the small size (three to four orders of magnitude smaller than 
the electrode in a typical conventional corrosion probe such as a linear 
polarization resistance probe). Therefore, the following formulae were 
derived on the basis of the Butler–Volmer equation to calculate the corro-
sion current on each electrode:68
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8.9 Schematic diagram of the coupled multielectrode array system 
for measurement of: (a) open-circuit potentials of individual wires; 
(b) galvanic currents between individual wires and the system; and 
(c) Tafel slopes of individual wires.68 © NACE International 1998.
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Ika = Ikcouple/{1 − exp[−(2.3/bka + 2.3/bkc) (Ecoup − Ekopen)]} [8.1]

where Ika is the anodic current (or corrosion current) from electrode k; 
Ikcouple is the coupling current from electrode k measured with the ZRA; 
Ekopen is the open-circuit potential of electrode k; Ecoup is the coupling poten-
tial of all the electrodes; and bka and bkc are the anodic and the cathodic 
Tafel slopes, respectively. It was proposed to use a separate RE to measure 
the values for Ekopen, when electrode k is disconnected from the coupling 
joint, and Ecoup. Linear polarization measurements were conducted to 
obtain the Tafel slopes.

It was hypothesized that if the value of Ecoup – Ekopen for an electrode is 
greater than 100 mV, the exponential term in Equation [8.1] will vanish, 
and the corrosion current from electrode k could be estimated by the 
coupling current from the electrode:

Ika = Ikcouple [8.2]

A system used to experimentally measure the coupling currents, coupling 
potential, open-circuit potential, and Tafel slopes is shown in Figs 8.9a, b, 
and c.

This method has been applied to mapping the localized corrosion behav-
ior (coupled currents) of carbon steel materials in aqueous solutions,67 
crevice,74 water/gas interface75 and soil.77 In localized corrosion conditions, 
electrode kinetics of actively pitting electrodes are often diffusion-con-
trolled and the kinetics of the passive electrodes are controlled by a thin 
oxide fi lm. Because the Butler–Volmer equation applies to activation con-
trolled processes, the application of Equation [8.1] to localized corrosion 
conditions should be evaluated. In addition, the decoupling of individual 
electrodes for the measurement of the open-circuit potential or Tafel slope 
may alter the localized corrosion processes.

Tan and coworkers also used the multielectrode arrays in conjunction 
with the electrochemical noise technique to measure the localized corrosion 
rate distributions.71,78 With this approach, the electrochemical noise resis-
tances between paired electrodes in the multielectrode array were mea-
sured, and the localized corrosion rate for each electrode was calculated 
based on the electrochemical noise theory. Because the noise resistance 
was measured in pairs, the multielectrode array that operated under this 
mode was not a coupled multielectrode array.

8.7 Coupled multielectrode array sensors with simple 

output parameters for corrosion monitoring

The coupled multielectrode array systems have been used as sensors (called 
coupled multielectrode array sensors or CMAS) for real-time monitoring 
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the rate of corrosion, particularly localized corrosion.79–121 As described in 
Sections 8.4 through 8.6, coupled multielectrode systems can provide not 
only temporal, but also spatial information on corrosion, especially local-
ized corrosion in two dimensions. It is an excellent tool for the studies of 
corrosion phenomena in laboratories. However, the data from a multielec-
trode system are often huge and incomprehensible by ordinary plant or 
facility operators. The data must be greatly reduced to one or to a few 
simple parameters so that the multielectrode systems can be used as a 
sensor to provide real-time data for the operation of a plant or facility in 
the fi eld. This section describes the working principle of the coupled mul-
tielectrode array sensors that are suitable for corrosion monitoring and the 
methods used to derive the simple parameters.

8.7.1 Principle of coupled multielectrode array 
sensors for corrosion monitoring

Figure 8.10 shows the schematic diagram of a typical CMAS.85,104,109 A 
coupling resistor was used between each electrode and the common cou-
pling point. Electrons from a corroding (or a relatively more corroding) 
electrode (or an anodic half-cell) fl ow through the resistor connected to the 
electrode and produce a small potential drop. This potential drop is mea-
sured by a high-resolution voltage-measuring instrument and used to derive 
the current. It should be noted that for the multiple electrodes in the CMAS 
probe to simulate the behavior of a one-piece large metal, the potentials of 
the electrodes must be substantially the same. Variable coupling resistors 
whose value can be automatically changed by a controller during the mea-
surements have been used to minimize the potential differences across the 
coupling resistors.114

The CMAS probes can be made in many confi gurations and sizes, depend-
ing on the applications. They may be used for high temperature and high 
pressure applications if the electrodes are properly sealed and insulated 
with high temperature insulators. Figure 8.11 shows a typical commercial 
CMAS monitor (nanoCorrTM) and some typical commercial probes for 
real-time corrosion monitoring in plants or in fi elds. (nanoCorr is the trade 
name of Corr Instruments, LLC, San Antonio, TX, USA.)

Figure 8.12 shows the principle of a CMAS probe, assuming that one 
electrode on the probe is anodic and all the other electrodes are cathodic. 
Because localized corrosion often involves small areas of corroded anodic 
sites accompanied by large areas of cathodic sites, such assumption is often 
reasonable under many environments. The thin solid curves represent the 
dissolution and reduction polarization behaviors on the anodic electrode. 
The thick solid curves represent the combined dissolution and reduction 
polarization behaviors on the rest of the electrodes (the cathodic 
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electrodes) if these cathodic electrodes are coupled as a single electrode. 
The thick dashed lines represent the reduction curve for all electrodes, or 
the dissolution behavior for all electrodes on the CMAS probe. For a 
passive metal, in the cathodic area (or the cathodic electrodes in a CMAS 
probe) where no localized corrosion has been initiated, the anodic current 
is usually extremely low due to the protective layer of the oxide formed on 
the metal (see Chapter 2) and the corrosion potential for the cathodic 
electrodes, Ec

corr, is high (or noble). For the anodic electrode where localized 
corrosion has been initiated and the protective layer has been compro-
mised, however, the anodic current is usually high and the corrosion 
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8.11 (a) A typical commercial CMAS monitor and (b) typical 
commercial CMAS probes for real time corrosion monitoring in plants 
or fi elds. Courtesy of Corr Instruments, LLC.

potential for the anodic electrode, Ea
corr, is low (or active). Note in Fig. 8.12, 

the cathodic current on the combined cathodic electrodes is signifi cantly 
higher than that on the anodic electrode. This is because we have assumed 
that the surface area on the anodic electrode is signifi cantly smaller than 
that of the cathodic electrodes (one anodic electrode versus many cathodic 
electrodes). In addition, the cathodic reactions deep in an anodic pit on the 
anodic electrode require more effort for the reactants (O2 or H+) to over-
come the mass transfer barrier.

When the anodic electrode and the combined cathodic electrodes are 
coupled, the corrosion potential changes to a new value, Ecoup (or Ecorr for all 
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coupled electrodes), and the total anodic dissolution currents equal the total 
cathodic reduction currents (see the thick dashed lines in Figure 8.12):

Icorr + Ic
in = Ia

in + Ic [8.3]

Where Icorr is the corrosion current (total dissolution current) on the anodic 
electrode, Ic

in is the internal dissolution (anodic) current on all the cathodic 
electrodes (anodic current that fl ows within all the cathodes), Ia

in is the 
internal reduction current on the anode (the cathodic current that fl ows 
within the anode) and Ic the cathodic current on the combined cathodes.

On the anodic electrode, the corrosion current (total dissolution current), 
Icorr, is equal to the sum of the externally fl owing anodic currents, Iex, and 
the internally fl owing anodic currents which is equal to the internally fl owing 
cathodic currents (or the internal reduction current), Ia

in. Therefore,
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8.12 Schematic diagram for the polarization curves on one anodic 
electrode and several cathodic electrodes that are connected together 
on a coupled multielectrode sensor.
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Icorr = Iex + Ia
in [8.4]

Because the Ia
in for the anodic electrode, especially when the anodic elec-

trode is the most anodic electrode of the CMAS probe (see Section 8.7.2), 
is often much smaller than its Iex at the coupling potential in a localized 
corrosion environment, the externally fl owing current from such anodic 
electrode of the probe can often be directly used to estimate the localized 
corrosion current:

Icorr ≈ Iex [8.5]

In a less corrosive environment or with a more corrosion-resistant alloy, 
however, there would be less separation between the anodic electrodes and 
the cathodic electrodes. The behavior of even the most anodic electrode 
may be similar to the other electrodes in the CMAS probe. In this case, the 
Ia

in for the anodic electrode would be close to Iex, and Ic
in would be close to 

the Ic. The most anodic electrode may still have signifi cant cathodic sites 
available, and the electrons from the anodic sites would fl ow internally to 
the cathodic sites within the same electrode. Therefore, Ia

in in Equation [8.4] 
cannot be ignored in the calculation of the corrosion current.

Equation [8.4] may also be represented as:80,85,99

Iex = εIcorr [8.6]

where ε is a current distribution factor that represents the fraction of elec-
trons resulting from corrosion that fl ows through the external circuit. The 
value of ε may vary between 0 and 1, depending on parameters such as 
surface heterogeneities on the metal, the environment, the electrode size, 
and the number of sensing electrodes. If an electrode is severely corroded 
and signifi cantly more anodic than the other electrodes in the probe, the ε 
value for this corroding electrode would be close to 1 (Ia

in = 0), and the 
measured external current would be equal to the localized corrosion 
current.80,85 More discussion of ε is given in Section 8.8.1.

8.7.2 Maximum localized corrosion rate

In a corrosion management program for engineering structures, fi eld facili-
ties or plant equipment, the most important parameter is the remaining life 
(often the remaining wall thickness) of the systems. If localized corrosion 
is a concern, the remaining wall thickness in the most corroded area or site 
is often used to evaluate the remaining life. Therefore, the corrosion depth 
(the corrosion-induced wall thinning) or the maximum localized corrosion 
depth (the corrosion-induced wall thinning at the most corroded area) for 
localized corrosion is often the most important parameter in an operator’s 
mind. Because the corrosion depth is a parameter that takes a long time 
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(often many years) to accumulate, the corresponding parameter that is 
important to the day-to-day operation would be the corrosion rate or the 
maximum localized corrosion rate if localized corrosion is a concern. 
Because the anodic electrodes in a CMAS probe simulate the anodic sites 
on a metal surface, the maximum anodic current (the current from the most 
anodic electrode) may be considered as the corrosion current from the most 
corroding site on the metal. Therefore, the maximum anodic current should 
be used as one of the most import parameters for the CMAS probes.80,85

The value, based on three times the standard deviation of currents from 
a CMAS probe, was sometimes used to represent the maximum anodic 
current.80,85 Because the number of electrodes in a CMAS probe is always 
limited and usually far fewer than the number of corroding sites on the 
surface of a metal coupon, the use of the value based on the statistical 
parameter, such as three times the standard deviation of current, to repre-
sent the maximum anodic current, may sometimes be a better choice than 
the true maximum anodic current.80,85 The standard deviation value may be 
derived from the anodic currents or from both the anodic and the cathodic 
currents.80,101

Accordingly, the maximum localized corrosion rate (or maximum local-
ized corrosion penetration rate) may be derived from the maximum anodic 
current.80,85 The following equation has been used to calculate the maximum 
localized corrosion rate:

CRmax = (1/ε)ImaxWe/(FρA) [8.7]

where CRmax is the calculated maximum penetration rate (cm/s), Imax is the 
maximum anodic current, or the most anodic current, F is the Faraday 
constant (96 485 C/mol), A is the surface area of the electrode (cm2), ρ is 
the density of the alloy or electrode (g/cm3), We is the equivalent weight 
(g/mol) (see Chapter 3 for details). Equation [8.7] assumes that corrosion 
on the most corroded electrode is uniform over the entire surface. Because 
the electrode surface area is usually between 0.01 and 0.0003 cm2, which is 
approximately two to four orders of magnitude less than that of a typical 
linear polarization resistance (LPR) probe or a typical electrochemical 
noise (EN) probe, the prediction of penetration rate or localized corrosion 
rate by assuming uniform corrosion on the small electrode is realistic in 
most applications.80,85

The corrosion depth or penetration is related to the total damage accu-
mulated in a given time period. The corrosion depth of the ith electrode 
may be derived from the cumulative charge that can be obtained by 
integrating the corrosion current through the electrode from time zero to 
time t:

Q I t ti i d= ∫ ( )  [8.8]
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where Qi is the cumulative charge of the ith electrode. Similar to 
the maximum localized corrosion rate, the following equation has been 
used to calculate the maximum cumulative localized corrosion depth or 
penetration (cm):

CDmax = (l/ε)QmaxWe/(FρA) [8.9]

where Qmax is the maximum of the cumulative charges (coulomb) from all 
the electrodes. The cumulative charge of each electrode is calculated indi-
vidually using Equation [8.8].

Figure 8.13a shows typical responses of the standard deviation of the 
currents measured from a 25-electrode probe made of Type 304 stainless 
steel (UNS S30400).80,85 The following order of increasing corrosiveness was 
observed: deionized water < saturated KCl < 0.0025 M FeCl3 < 0.25 M FeCl3. 
Figure 8.13a also shows that NaNO3 is an effective corrosion inhibitor for 
stainless steel in FeCl3 solution.

Figure 8.13b shows typical responses of the maximum localized corrosion 
rate (derived from the most anodic current) of a low carbon steel CMAS 
probe measured by a commercial instrument.108 The maximum localized 
corrosion rate in air was close to the instrument theoretical detection limit 
(10 nm/y). The initial maximum localized corrosion rate was 10 µm/yr in 
distilled water. The maximum localized corrosion rate in simulated seawater 
was approximately 1 mm/y. When 10 mM H2O2 was added to the simulated 
seawater, the corrosion rate was 10 mm/y. It was later verifi ed that the cor-
rosion of the electrode in the distilled water and in the simulated seawater 
was mainly in the form of pitting corrosion.104 Therefore, the maximum 
corrosion rate in Figure 8.13b represents the maximum pitting rate.

8.7.3 Estimation of general corrosion rate using coupled 
multielectrode array sensors and localized corrosion 
rate factor

The maximum localized penetration rate and cumulative maximum local-
ized penetration depth are, no doubt, the two most important parameters 
for the assessment of localized corrosion. However, the maximum penetra-
tion rate data for alloys are rarely available, and the measured localized 
corrosion rates by the CMAS probes cannot be easily compared with the 
general corrosion rates commonly reported in literature. In addition, 
maximum penetration rate is diffi cult to measure, whereas general corro-
sion rate can be measured by many methods, such as the LPR and ER 
probes, or weight loss methods.

In most cases, localized corrosion is associated with some degree of 
general corrosion. When a metal is undergoing corrosion, the corroding 
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metal is usually at an electrochemical potential (corrosion potential) that 
is signifi cantly higher than the metal’s deposition potential. Thus, the 
cathodic currents do not directly contribute to the metal loss or the metal 
gain (electroplating), and therefore can be ignored in the corrosion rate 
calculation. For this reason, the average corrosion penetration rate may be 
calculated using the average value of the anodic currents from the CMAS 
probe.103

I I n i niavg
a / from to= ( )∑ , 1  [8.10]

where Ia
i is the anodic current from the ith electrode, n is the number of 

electrodes in the probe, and Iavg is the average of the anodic currents. If Ia
i 

is cathodic, it is set to zero in the summation. Figure 8.14 shows the current 
from each electrode, the maximum anodic current, and the average of the 
anodic currents from a typical 16-electrode stainless steel probe in simu-
lated seawater.118

Thus, the average corrosion rate, CRavg, may be calculated by103
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CRavg = (1/ε)IavgWe/(FρA) [8.11]

The general corrosion penetration rate obtained using the weight loss 
method or by an electrochemical method using relatively large electrodes 
is essentially the corrosion rate averaged over the sample surface area. 
Therefore, Equation [8.11] may be used to estimate the general corrosion 
rate. It should be noted that the general corrosion rate estimated with 
Equation [8.11] should be used with caution because some of the corrosion 
currents on the corroding electrodes fl ow internally (see Sections 8.7.1 and 
8.8.1), especially on those that are not corroding more signifi cantly than the 
others (in contrast to the most corroding electrode). The general corrosion 
rate estimated using Equation [8.11] may be lower than the true general 
corrosion rate.

The localized corrosion rate factor, frate, was defi ned as the ratio of the 
maximum localized corrosion rate to the average corrosion penetration 
rate. It can be expressed by103

frate = CRmax/CRavg [8.12]

The localized corrosion rate factor indicates how much higher the local-
ized corrosion rate (e.g., the penetration rate of the fastest growing pit on 
the surface of a coupon in the case of pitting corrosion) is than the average 
corrosion rate (e.g., the average penetration rate on the surface of a coupon). 
It should be noted that the maximum localized corrosion rate may not 
always be found on one electrode. In a CMAS probe, one electrode may 
have the highest corrosion rate at one time, but another electrode may 
corrode at the highest rate at another time (see Section 8.7.5). Figure 8.15 
shows the maximum localized corrosion rate, the general corrosion rate 
calculated using Equation [8.11], and localized corrosion rate factor for a 
typical freshly polished Type 1008 carbon steel (UNS G10080) probe in 
simulated seawater at room temperature. The data were obtained by 
the author using a probe with 16 electrodes (1 mm in diameter) and the 
equipment described by Sun and Yang.103

8.7.4 Estimation of general corrosion depth using coupled 
multielectrode array sensors and localized corrosion 
depth factor

Similar to the average corrosion rate, the average anodic charge, Qa
avg, may 

be calculated by103

Q Q n i niavg
a a / from to= ( )∑ , 1  [8.13]

where Qa
i is the anodic charge from the ith electrode, and n is the number 

of electrodes in the coupled multielectrode probe. If the value of Qa
i is 
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cathodic, it is set to zero in the summation. Figure 8.16 shows the charge 
from each electrode, the maximum anodic charge, and the average of the 
anodic charge for the data shown in Fig. 8.14.118

Thus, the average corrosion penetration depth, CDavg, may be calculated 
by103

CDavg = (1/ε)(Qa
avg)We/(FρA) [8.14]

Similar to the average corrosion rate, Equation [8.14] may be used to 
estimate the general corrosion penetration depth. It should be noted, 
however, that the general corrosion depth estimated with Equation [8.14] 
may be lower than the true general corrosion depth because some of the 
corrosion currents on the corroding electrodes fl ow internally (see Sections 
8.7.1 and 8.8.1), especially those electrodes that are not corroding more 
signifi cantly than the others (in contrast to the most corroding 
electrodes).

The localized penetration depth factor, fdepth, may be defi ned as the ratio 
of the maximum localized penetration depth to the average corrosion pen-
etration depth103

fdepth = CDmax/CDavg [8.15]
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The localized corrosion penetration depth factor indicates the severity 
of localized corrosion depth (e.g., the deepest penetration of the most 
corroded pit on the surface of a coupon in the case of pitting corrosion) 
compared to the general corrosion penetration or the average corrosion 
penetration (e.g., the average loss in thickness on the surface of a coupon). 
Similar to the localized corrosion rate, the maximum penetration may 
not always be found on the same electrode. It also might not be found 
on the electrode that has the highest penetration rate at a given time. 
Instead, the electrode that has the highest cumulative penetration has the 
maximum penetration depth (see Section 8.7.5 for details). Figure 8.17 
shows the maximum localized corrosion depth, average corrosion depth 
and localized corrosion depth factor for the data shown in Fig. 8.15. Even 
though localized corrosion depth factor was high initially (close to 11), 
it decreased quickly to 6 in about 3 hours, and reached 4 in about another 
7 hours. If the trend continued, the ultimate results would be general 
corrosion. This result is consistent with the general observations for 
carbon steel in seawater – general corrosion is the main mode of attack 
in most cases.
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8.7.5 Cumulative maximum localized corrosion rate

As shown in Fig. 8.14, the maximum anodic current was due to the current 
from a single electrode (Electrode #4). By applying Equations [8.7] through 
[8.9] to the data shown in Figs 8.14 and 8.16, and assuming ε = 1, the 
maximum localized corrosion rate and maximum corrosion depth were 
obtained and shown in Fig. 8.18. In Fig. 8.18, the maximum localized cor-
rosion depth curve is the integration of the maximum localized corrosion 
rate curve. Because the maximum localized corrosion rate curve in Fig. 8.18 
was from one electrode, the maximum localized corrosion rate curve and 
the maximum localized corrosion depth curve are directly related to each 
other.

Figure 8.19 shows typical currents measured from an aluminum coupled 
multielectrode array sensor probe in simulated seawater.118 The aluminum 
probe had 16 electrodes made of annealed Type 3003 (UNS A93003) alu-
minum wire. In Fig. 8.19, the maximum anodic current was from different 
electrodes (Electrodes #5, #13, #12 and #16) at different times. The anodic 
charges corresponding to Fig. 8.19 are shown in Fig. 8.20. By applying 
Equations [8.7] through [8.9] to the data shown in Figs 8.19 and 8.20, the 
maximum localized corrosion rate and the maximum localized corrosion 
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0.00

0.05

0.10

0.15

0.20

0.25

3:43 4:12 4:40 5:09 5:38 6:07 6:36 7:04

Time (hour:min)

C
or

ro
si

on
 r

at
e 

(µ
m

/y
r)

0.0E+0

1.0E-5

2.0E-5

3.0E-5

4.0E-5

5.0E-5

6.0E-5

C
or

ro
si

on
 d

ep
th

 (
µm

)

CDmax - Maximum localized corr. depth

CRmax - Maximum localized corr. rate

8.18 Maximum localized corrosion rate and maximum localized 
corrosion depth (penetration) for the data shown in Figs 8.14 and 8.16. 
The maximum localized corrosion depth is a direct integration of the 
maximum localized corrosion rate.118 © NACE International 2007.

–3.0E-7

0.0E+0

3.0E-7

6.0E-7

9.0E-7

1.2E-6

3:43 4:55 6:07 7:19

Time (hour:min) 

A
no

di
c 

cu
rr

en
t (

A
)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Max
Avg

Imax - Maximum anodic current

13

5

Iavg - Average anodic current

16
12

8.19 Typical currents measured from an aluminum coupled 
multielectrode array sensor probe in simulated seawater. Maximum 
anodic current was due to different electrodes (Electrodes #5, #13, #12 
and #16) at different times.118 Note: the numbers in the legend and 
fi gure indicates the ID of the sensor electrodes; a negative value of the 
anodic current means that the current is actually cathodic. © NACE 
International 2007.



 Multielectrode systems 213

depth were obtained and are shown in Fig. 8.21. Unlike Fig. 8.18, the 
maximum localized corrosion depth curve is not the direct integration of 
the maximum localized corrosion rate curve in Fig. 8.21. The integration of 
the maximum localized corrosion curves would produce a much higher 
depth than the true maximum localized corrosion penetration depth as 
shown in Fig. 8.21 (dashed line). Therefore, there is no direct relationship 
between the maximum localized corrosion rate and the maximum localized 
corrosion penetration depth.

To solve the problem of discrepancy between the maximum localized 
corrosion rate and maximum localized corrosion depth, as shown in Fig. 
8.21, a new parameter called cumulative maximum localized corrosion rate, 
CRcmax, was introduced.118 It was defi ned as the derivative of the maximum 
localized corrosion depth curve:

CRcmax(t) = d[CDmax(t)]/dt [8.16]

The maximum localized corrosion depth, CDmax (t), is proportional to the 
maximum anodic charge, Qmax, as shown in Fig. 8.20 (see Equation [8.9]). 
The maximum anodic charge in Fig. 8.20 was obtained by integrating 
the currents from the electrodes that had the maximum anodic charge 
since time zero (or had been corroded the most at time t). Therefore, the 
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8.20 Anodic charges corresponding to Fig. 8.19. Maximum charge is 
the integration of the currents from different electrodes (Electrode #5, 
#13 and #12).118 © NACE International 2007.
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derivative of CDmax (t) is simply a function of the current from the electrode 
that has the highest anodic charge at time t, Imax_charge:

CRmax(t) = (l/ε)Imax_chargeWe/(FρA) [8.17]

The CRcmax values for the data shown in Figs 8.19 and 8.20 are calculated 
and shown in Fig. 8.22. The maximum localized corrosion depth, CDmax, 
and the calculated corrosion rates for the electrodes that exhibited the 
highest corrosion currents at certain times during the test (see Fig. 8.19) 
are also plotted in Fig. 8.22. In the specifi ed three time periods, the maximum 
localized corrosion depth was the value measured from Electrodes #5, #13 
and #12, respectively (see Fig. 8.20). Therefore, the cumulative maximum 
localized corrosion rate, CRcmax, was equal to the corrosion rates of these 
three electrodes during the different corresponding time intervals. Another 
way to look at the cumulative maximum localized corrosion rate is that it 
is the corrosion rate of the cumulatively most corroded electrode at any 
given time (or the electrode with the deepest pit, if the mode of localized 
corrosion is pitting corrosion). Because of the nature of localized corrosion, 
the deepest pit may be repassivated under certain conditions and the 
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corrosion rate in this pit may drop to zero. The zero value of CRcmax in the 
second time interval indicates that the most corroded electrode (Electrode 
#13) was repassivated, and the corrosion on it was stopped from approxi-
mately 5:20 to 6:20 a.m. (Fig. 8.22).

Because the cumulative maximum localized corrosion rate is simply the 
corrosion rate of the electrode that passed the maximum amount of charge, 
a sorting algorithm may be built into a real-time corrosion monitoring 
software to track the most corroded electrode and obtain the cumulative 
maximum localized corrosion rate. The software may give the maximum 
localized corrosion rate, the cumulative maximum localized corrosion rate 
and the average corrosion rate, CRavg, which is calculated from the average 
of the anodic currents. The average corrosion rate may be used to represent 
the general corrosion rate.103 Figure 8.23 shows the maximum localized 
corrosion rate, cumulative localized corrosion rate and average corrosion 
rate from a commercial software, CorrVisual. (CorrVisual is a trade name 
of Corr Instruments, LLC, San Antonio, TX, USA.)

Because the cumulative maximum localized corrosion rate is defi ned as 
the derivative of the maximum localized corrosion depth, the CRcmax and 
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8.22 Cumulative maximum localized corrosion rate, corrosion rates of 
selected electrodes and maximum localized corrosion depth for the 
data shown in Figs 8.19 and 8.20. Note, in the specifi ed three time 
periods, the maximum localized corrosion depth was due to the 
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CDmax values are directly related to each other. One can solve for CRcmax 
from CDmax by differentiation, or solve for CDmax from CRcmax by integra-
tion. Unlike the maximum localized corrosion rate, CRmax, whose integra-
tion would produce an imaginary number that may be higher than the 
actual maximum localized corrosion depth, the integration of the cumula-
tive maximum localized corrosion rate would produce exactly the maximum 
localized corrosion depth.

Maximum localized corrosion rate is a measure of localized corrosion 
rate at a given moment of time. Cumulative localized corrosion rate is a 
measure that relates to the cumulative damage of localized corrosion to a 
metal. If the maximum localized corrosion rate is high, but the cumulative 
maximum localized corrosion rate is low, the corrosion rate at one electrode 
is high at one time, but remains low at other times and there is always one 
electrode that has a high corrosion rate. The cumulative effect of this kind 
of high maximum localized corrosion rate in a given time period is a high 
general corrosion rate (i.e., every electrode is signifi cantly corroded after 
a given period of time). When the maximum localized corrosion rate is 
signifi cantly different from the cumulative maximum localized corrosion 
rate, the cumulative maximum localized corrosion rate should be used to 
evaluate the persistence of localized corrosion.
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Because the cumulative maximum localized corrosion rate is the corro-
sion rate on the most corroded electrode and the corrosion rate on the most 
corroded electrode may be lower than the corrosion rate taking place on 
the most corroding electrode (the maximum localized corrosion rate) at 
certain times, the cumulative maximum localized corrosion rate is always 
lower than or equal to the maximum localized corrosion rate.

Therefore, for process control applications (i.e., inhibitor dose control), 
the maximum localized corrosion rate, CRmax, should be used. However, for 
the evaluation of the effect of localized corrosion on the cumulative damage 
to a metal component, the cumulative maximum localized corrosion rate 
should be used. It should be noted that at a given time in a certain environ-
ment, the cumulative maximum localized corrosion rate may be very low, 
even zero, but the maximum localized corrosion rate may still be very high. 
This means that the localized corrosion on the most corroded electrode has 
stopped, but the localized corrosion on the other electrodes is still high.

8.8 Minimizing effects of internal currents, 

electronic-conducting deposits and crevices on 

performance of CMAS probes

8.8.1 Minimization of internal current effects on localized 
corrosion rate measurement using coupled 
multielectrode array sensors

As discussed in Section 8.7.1, in a less localized corrosive environment or 
with a more corrosion-resistant alloy, there would be a lower degree of 
separation between the anodic electrodes and the cathodic electrodes. Fig. 
8.24 shows the electron fl ow paths on the different kinds of electrodes in a 
CMAS probe.99 If the most anodic electrode on a probe in a given environ-
ment is a partially corroded electrode (Fig. 8.24b) rather than a totally 
corroded active electrode (Fig. 8.24a), it is more likely that the electrode 
still has the cathodic sites to accept electrons from the neighboring anodic 
sites on the same anode,80,85 and the Ia

in in Equation [8.4] or the ε in Equa-
tion [8.6] cannot be ignored when calculating the corrosion current, Icorr.

In Fig. 8.24a, the electrode is totally active and fully covered by the cor-
rosion products. Because the corrosion products may act as a diffusion layer 
for O2 or H+ to reach the metal surface; the Ia

in (also see Fig. 8.12) on this 
electrode is expected to be small. If the other electrodes on the CMAS 
probe are not corroded, all or most of the corrosion electrons from this 
totally corroded electrode would fl ow to the other electrodes through the 
external circuit and the corresponding ε in Equation [8.6] would be equal 
or close to unity. On the other hand, in Fig. 8.24b, the electrode is only 



218 Techniques for corrosion monitoring

partially corroded; it is likely a portion of its corrosion electrons would fl ow 
to the local cathodic sites, and the corresponding ε is less than 1. Therefore, 
in the case of Fig. 8.24b, there is a large uncertainty in localized corrosion 
rate measurements using the CMAS probe if ε is assumed to be unity 
(Equation [8.7]).

To represent the case as depicted in Fig. 8.24b, Fig. 8.12 is modifi ed into 
Fig. 8.25. In Fig. 8.25, the anodic and cathodic behaviors are only shown 
for two electrodes: one is the most anodic electrode, the other is the most 
cathodic electrode (rather than for many cathodic electrodes as shown in 
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8.24 Flow of electrons on (a) a totally corroded active electrode as 
anode, (b) a partially corroded electrode as anode, (c) a passive 
electrode as cathode, and (d) a partially corroded electrode as cathode 
in a CMAS probe.99 © NACE International 2005.
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Fig. 8.12 because there may not be many cathodic electrodes for one 
anodic electrode in the case as shown in Fig. 8.24b). In addition, the 
cathodic curve on the most anodic electrode is deliberately shifted to the 
right due to the existence of the uncorroded sites on the most anodic 
electrode that may support a higher cathodic current. At the coupling 
potential, Ecoup (assuming only these two electrodes are coupled), the inter-
nal current, which is equal to Ia

in, is large and cannot be ignored. However, 
if the coupling potential can be altered to E′coup, the corresponding Ia′

in 
would be much smaller than the externally measured anodic current, I′ex. 
In this case Equation [8.5] can be used to calculate the corrosion current. 
In the work by Yang et al.,99 E′coup was defi ned as a potential at which the 
current from the most cathodic electrode is about to become zero. In other 
words, E′coup is the highest open-circuit potential measured on all the elec-
trodes of a CMAS probe (when the electrodes are decoupled). Because 
E′coup is the open-circuit potential of one of the electrodes which are made 
of identical metals, it is not an unreasonable potential for the metal in the 
solution of interest.

From a statistical point of view, the multiple electrodes in a CMAS probe 
simulate the different cathodic and anodic sites of a metal coupon; the 
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8.25 Schematic diagram for the polarization curves on one anodic 
electrode and one cathodic electrode of a coupled multielectrode 
sensor.
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highest potential (usually the potential measured from the most cathodic 
electrode) can be considered to statistically represent the potential of the 
most cathodic site on the metal (after it is electrically isolated from the 
other sections of the metal). The potential measured from the most cathodic 
electrode may thus be considered as the highest bounding potential for all 
the cathodic sites on the most anodic electrode. Therefore, if the coupling 
potential of a CMAS probe is raised to a value that is slightly higher than 
the potential measured from the most cathodic electrode, there should be 
no cathodic reaction on the most anodic electrodes even though some areas 
are still uncorroded. Under these conditions, ε → 1 and Ia

in → 0, the uncer-
tainty in the measured corrosion rate from the CMAS probe due to Ia

in can 
be ignored or eliminated.

A polarization unit, as shown in Fig. 8.26, was used for a CMAS instru-
ment to dynamically adjust the potential of the coupling joint of the probe 
such that the current from the most cathodic electrode of the CMAS probe 
is zero or slightly anodic (lower than zero if an anodic current is recorded 
as a negative current by the instrument or higher than zero if a cathodic 

Counter
electrode
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unit 

Polar.
unit 

CMAS
probe

I
Coup. joint

This current is adjusted
to raise the coupling
potential of the CMAS
probe so that the
probe’s most cathodic
electrode becomes an
anode. The coupling
potential may also be
raised to a value
determined on statistical
basis. 

8.26 An improved CMAS instrument system that reduces or 
eliminates the effect of internal electrons on the most anodic electrode 
of a CMAS probe.99 © NACE International 2005.
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current is recorded as a negative current by the instrument). Under this 
condition, the coupling potential is higher than the open-circuit potential 
of the most cathodic electrode.

Because raising the coupling potential also increases the current from the 
active sites, the corrosion rate measured at the raised coupling potential 
may be higher than the actual corrosion rate. Thus, the corrosion rate 
measured at the raised coupling potential may be considered the upper 
bound of the corrosion rate. The corrosion rate measured at the natural 
coupling potential, Ecoup, may be considered the lower bound of corrosion 
rate because of the possible non-zero internal fl ow of electrons on the most 
corroding electrode at Ecoup.

Preliminary measurements were conducted in a 0.5 M NaCl solution 
using the improved CMAS method as shown in Fig. 8.26.99 The upper 
bounds of the maximum localized corrosion rates were found to be 2.2 to 
2.7 times higher than the lower bounds for the probes made of Alloy 276 
(UNS N10276), Type 316 stainless steel (UNS S31600) and Type 1008 
carbon steel (UNS G10080), respectively. Therefore, the maximum local-
ized corrosion rate values measured at the natural coupling potential were 
close to the actual maximum localized corrosion rates for these three metals 
in 0.5 M NaCl solution.

8.8.2 Minimization of the effects by corrosion products 
formed in H2S-containing environment on localized 
corrosion rate measurement using coupled 
multielectrode array sensors

As discussed in Chapters 3 and 11, both linear polarization resistance 
probes (LPR) and the electrical resistance (ER) probes are subject to the 
effect of electron-bridging caused by the corrosion products formed in H2S-
containing environments. The sulfi de corrosion products, such as FeS, are 
semiconductors and have similar behaviors as metal conductors for con-
ducting electrons. In an ER probe, the corrosion measurement is based on 
the increase in the resistance of the sensing element that is caused by cor-
rosion. If the electron-conducting corrosion products are deposited onto 
the sensing element and cause the changes in the measured resistance, it is 
not diffi cult to understand that such changes would give false readings for 
the ER probe.

Figure 8.27a shows the effect of the electron-conducting deposits on the 
measurement of corrosion using an LPR probe. An external potential or 
current perturbation source (I source in Fig. 8.27a) is required to cause a 
slight polarization to the sensing electrode, and the change in current or 
voltage (measured by V in Fig. 8.27a) that is caused by the polarization is 
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used to derive the corrosion rate (see Chapter 3). Normally, the conductiv-
ity between the two electrodes in the solution is provided purely by the 
ionic species in the solution, in which case, the number of electrons fl owing 
through the solution, m′, is zero, and the externally measured or supplied 
number of electrons, n, equal to the number of electrons that are as a result 
of the dissolution or corrosion reaction at the metal–solution interface, m. 
However, if an electron-conducting deposit is formed between the two 
electrodes in the solution, a portion of the electrons supplied or measured 
in the external circuit, m′, would go through the electron-conducting depos-
its. Because this portion of electrons does not take part in the corrosion 
reaction at the metal–solution interface, the number of electrons that take 
part in the corrosion reaction, m, does not equal the externally supplied or 
measured number of electrons, n. Because there is no way of knowing the 
value of m′, sulfi de corrosion products severely affect the performance of 
an LPR probe. It also affects any other electrochemical methods that 
require an external perturbation source.
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8.27 Schematic diagram for the effect of electron-conducting 
corrosion products on (a) linear polarization resistance (LPR) probe 
and (b) coupled multielectrode array sensor (CMAS) probe.
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On the other hand, as shown in Fig. 8.27b, the corrosion current from a 
coupled multielectrode array sensor probe is obtained by measuring the 
currents generated by the coupling of an anode in the probe with the cath-
odes on the same probe. There is no external perturbation needed during 
the measurements. The coupling current is measured either by a coupling 
resistor (or a zero resistance ammeter which also has a defi ned internal 
resistance, especially when the current is low) that is in parallel with the 
resistance formed by the corrosion products. As long as the value of the 
coupling resistor (Rcouple) is much smaller than the values of the electronic-
conducting deposits (Rdeposits), the number of electrons going through the 
electron-conducting deposit would be much smaller than that going through 
the coupling resistor (m′ << n), and the current measured in the external 
circuit would be close to the current involved in the corrosion reaction 
(n = m).

Figure 8.28 shows the results obtained with a carbon steel CMAS probe 
in a solution saturated with 100% H2S at ambient temperature and pressure 
using two CMAS analyzers.106 The fi rst analyzer used larger resistors as the 
coupling resistors, and the second analyzer used smaller resistors as the 
coupling resistors (see Fig. 8.10). The measured maximum localized corro-
sion rate was high initially, but decreased gradually with time when the 
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© NACE International 2006.
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probe was connected to the instrument unit that had large resistors. Because 
the corrosivity of the solution should not decrease after introducing the 
H2S, the decrease in the measured corrosion rate was apparently caused by 
the bridging effect. At the end of the experiment, the DC resistance mea-
surement between each electrode and the coupling joint showed a signifi -
cant decrease (from several megaohms to less than 100 ohms) which 
indicates the bridging effect. However, when the maximum localized cor-
rosion rate for the same probe was measured with the second analyzer that 
had lower values of coupling resistors, the localized corrosion rate was close 
to the value measured initially when there were no corrosion products. 
Therefore, the CMAS probe works in H2S environments as long as the 
coupling resistors are low.

An important criterion for the coupled multielectrode array sensor 
probes to perform properly in systems that contain H2S is that the value of 
the coupling resistor must be substantially smaller than that of the corrosion 
products that bridge the anodes and the cathodes. A mechanism built in a 
coupled multielectrode array sensor instrument that measures the bridging 
resistance on a continuous basis would be ideal for this application. Based 
on the above analysis, galvanic probes using true zero-resistance ammeters 
(or low-input impedance ammeters) are also less affected by the bridging 
effects by the corrosion products in the H2S system.

8.8.3 Minimization of the effect by crevice on corrosion 
rate measurement using coupled multielectrode 
array sensors

Similar to all electrochemical methods in corrosion rate measurements, the 
electrode surface area must be well known to apply Faraday’s law to cal-
culate the corrosion rate. For highly corrosion-resistant alloys or for corro-
sion in less corrosive environments, CMAS probes are sensitive to the 
presence of crevices that may be formed between each sensing electrode 
and the surrounding insulator. This is because the CAMS probes have a 
much smaller designated sensing surface area than the probes based on 
other electrochemical techniques (see Section 8.7.1). In addition, the 
crevice between the sensing electrode and the surrounding insulator, if 
formed, may also promote localized corrosion. If the objective is to measure 
localized corrosion, including crevice corrosion, such as in the case of steam 
generator tube corrosion under the tube sheet, measurement with a probe 
that has a crevice would not be a concern. But for cases where no crevice 
exists, the measurement with a probe that has a crevice would give false 
results. It should be mentioned that the concern only exists for highly cor-
rosion-resistant alloys or for corrosion in less corrosive environments. If 
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the solution is highly corrosive or the metal is highly active, such as in the 
case of carbon steel in seawater,102 most of the corrosion reactions would 
take place on the boldly exposed surfaces rather than deep in the crevice 
because of the limitation by mass transfer through the relatively thin 
crevice. If the solution is not corrosive or the metal is highly corrosion-
resistant, however, mass transfer would not be a limiting factor and corro-
sion reactions may take place anywhere the metal is in direct contact with 
the solution, even if the location is deep inside the crevice. In this case, the 
effective corrosion area is the total area of the metal in contact with the 
solution.

At low temperatures (<80 °C), this requirement can be satisfi ed by using 
a proper sealing material such as an epoxy as the insulator,51,53 or apply-
ing a proper coating29,61 around the electrodes to achieve good bonding 
between the electrode and the insulating material or the coating. At 
elevated temperatures (e.g., 150 °C), however, it is diffi cult to fi nd a proper 
coating or sealing material that would resist a harsh chemical environ-
ment. In the measurements of localized corrosion rate of Alloy 22 (UNS 
N06022) material in a NaCl-NaNO3-KNO3 brine at 150 °C, Chiang and 
Yang119 successfully coated the sensing electrode with a diamond-like 
carbon coating using a chemical vapor deposition process. It was demon-
strated that the electrical-insulating diamond-like carbon coating formed 
an excellent bonding with the Alloy 22 substrate. Figure 8.29 shows a 
comparison for the sensing electrode surface between a probe that was 
uncoated, and a probe that was coated with the diamond-like carbon 
(both were supported by an outer layer of epoxy) after the probes were 
exposed to a low pH NaCl-NaNO3-KNO3 brine at 150 °C for two weeks. 

Uncoated Coated

Epoxy Epoxy 

Alloy 22Alloy 22

Epoxy Epoxy 

Alloy 22Alloy 22

CreviceCrevice CoatingCoating

8.29 Post-test appearance of the electrode with and without the 
diamond-like carbon coating.119 © NACE International 2007.



226 Techniques for corrosion monitoring

Clearly, a crevice was formed between the outer layer epoxy and the 
Alloy 22 electrode, but no degradation was observed at the interface 
between the diamond-like carbon coating and the Alloy 22 electrode. 
Measurements with electrochemical impedance spectroscopy (EIS) 
showed that the diamond-like carbon coating was highly protective before 
and after the exposure to the aggressive NaCl-NaNO3-KNO3 brine at 
150 °C.119

8.9 Validation of corrosion rate measurement using 

coupled multielectrode array sensors

An important assumption in the derivation of the maximum localized cor-
rosion rate using a CMAS probe is that if the number of electrodes is large 
enough, there is at least one electrode (the most corroding electrode) that 
would not have signifi cant internal current fl ow (see Section 8.8.1). In addi-
tion, the insulator that separates the electrodes from electrically contacting 
each other and the spacing among the electrodes in typical CMAS probes 
would not have a signifi cant effect on the measurements of the CMAS 
probe. Therefore, validations are required to compare the measured cor-
rosion rates against those measured with coupons or other types of probes 
that measures the wall loss as a direct signal.

8.9.1 Comparison with coupon data for carbon steel in 
industrial cooling water systems

The coupled multielectrode array sensors were used to measure the local-
ized corrosion rates of low carbon steel material in a chemical plant.96 
Carbon steel specimens were also installed in the system for comparison of 
the test results. Figure 8.30b shows the monitoring station for cooling water 
corrosivity and chemistry where CMAS probes and the carbon steel speci-
mens were installed. Figure 8.30a shows the real-time maximum localized 
corrosion rates from two carbon steel CMAS probes during a fi ve-month 
test. The fi ve-month average of the maximum localized corrosion rate was 
145 mil/y (3.68 mm/y). Figure 8.31 shows the appearance of the sensing 
electrodes of a CMAS probe and two carbon steel specimens after the test. 
The sensing electrodes of the probes were covered by a thick layer of 
deposits when they were removed from the monitoring station. This is also 
true on the surface of the carbon steel specimens. Bacteria were found in 
the water samples and in the corrosion products, and microbially infl uenced 
corrosion was attributed to the high corrosion rate of carbon steel in the 
system. The maximum pitting rate (149 mil/y) (3.8 mm/y) indicated in Fig. 
8.31 was calculated based on the depth measurement for the most corroded 
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electrode (the electrode that has the deepest pit) after the probe was 
cleaned. This maximum pitting rate is consistent with the real-time average 
maximum localized corrosion rate from the probe (145 mil/y (3.7 mm/y), see 
Fig. 8.30). The maximum localized corrosion rate from the probe (145 mil/y 
or 3.7 mm/y) is also consistent with the pitting rate measured from the 
specimens that were tested in the same water (100 to 200 mil/y (2.5 to 
5 mm/y), see Fig. 8.31).

8.9.2 Comparison with coupon data for carbon 
steel, aluminum and stainless steels in 
seawater systems

Sun and Yang measured the corrosion rates of the following alloys in simu-
lated seawater using coupled multielectrode array sensors:103

Type 1008 carbon steel (UNS G10080)
Type 304L stainless steel (UNS S30403)
Type 316L stainless steel (UNS S31603)
Type 904L stainless steel (UNS N08904)

Maximum penetration rate: 
~149 mil/y (3.73 mm/y)

Before cleaning

Coupon tests showed 100
to 200 mil/y (2.5 to 5 
mm/y) pitting rate 

(a)

(b)

(c)

After cleaning

8.31 Comparison of the post-test appearances of the CMAS carbon 
steel probes and the coupon test specimens in the cooling water 
system of a chemical plant.96 © NACE International 2004.
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Type 1100 aluminum (UNS A91100)
Type 3003 aluminum (UNS A93003)

Figure 8.32 shows the comparison between the maximum localized cor-
rosion rates averaged over the testing periods for the different types of 
alloys and the average corrosion rates averaged over the testing periods 
from the CMAS probes, and the pitting and general corrosion rates of rel-
evant alloys from the literature.

The measured maximum localized corrosion rate (1380 µm/yr) and average 
corrosion rate (228 µm/yr) for carbon steel 1008 are in good agreement with 
the reported maximum pitting rate (1600 µm/yr) and general corrosion rate 
(228 µm/yr), respectively.103 These reported corrosion rates for carbon steel 
were obtained from one-year immersion test in Panama Canal seawater. 
The average corrosion rates for the stainless steels (∼0.25 µm/yr) are close 
to the reported general corrosion rates for stainless steel 316 (0.55 µm/yr). 
The reported stainless steel general corrosion rate was obtained in an 18-
month test in seawater. The average corrosion rate for Al3003 (20 to 
100 µm/yr) is slightly higher than the reported value (7.8 µm/yr). The reported 
general corrosion rate for Al3003 was obtained in a one-year immersion 
test in seawater.

*From Southwell and Alexander, 1970;   **From Hollingsworth and Hunsicker, 1987; 
***From Pelensky et al. 1976.

0.01 0.1 1 10 100 1000 10000

C. Steel Panama Canal (1y)*

CS1008 (17day)

AL3003 (1y)**

AL3003 (12h)

AL1100 (1y)**

AL1100 (24h)

SS316 (1.5y)***

SS316L (17day) 

SS304L (8h)

SS904L (2.5day)

Corrosion rate (µm/yr)

(400 mpy)(4 mpy)(0.04 mpy)(0.0004 mpy)

Literature general rate
Literature pitting rate
Average corr rate
Max localized corr rate

8.32 Comparison between the corrosion rates measured with coupled 
multielectrode array sensors and literature data.103 © NACE 
International 2006.
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8.9.3 Comparison with multielectrode penetration probe 
data for aluminum alloys

Recently, a multielectrode penetration probe was used to validate the cor-
rosion rates measured with CMAS probes.117 Figure 8.33 shows a schematic 
diagram of the multielectrode penetration probe with multilayer foils for 
measuring the penetration rate for a metal in a corrosive environment. The 
multiple electrodes were embedded inside one or more layers of metal foils 
in tube shape that were formed by spirally winding a piece of large foil onto 
a cylindrical bar. Two layers of acid free paper were placed between two 
layers of the foils and each of the electrodes was placed between the two 
layers of paper inside a given layer of the foil so that no electrode was 
electrically contacting the metal foil. The bottom end of the foil tubes was 
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8.33 (a) Schematic diagram and (b) pictures of a multielectrode 
penetration probe made of aluminum foil.117 © NACE International 
2007.
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sealed with epoxy. One side of the foil tube was cut and fi lled with epoxy 
so that the space within each layer of the foil was sealed (separated) from 
the neighboring layers, to avoid having the electrolyte migrate from the 
space inside one layer of the foil tube to the space inside another layer of 
the foil tube. The assembled system containing multiple electrodes and 
multiple foil tubes was then placed in a polyvinylchloride (PVC) protection 
tube to form an integrated multielectrode penetration probe. The protec-
tion tube had an opening (window) for the exposure of the foil to a corro-
sion environment. Figure 8.33b shows the horizontally-cut and vertically-cut 
sectional views of the multielectrode penetration probe made of a alumi-
num foil. During the measurements, the probe was exposed to a corrosive 
liquid and each electrode was connected to an auxiliary electrode placed 
in the same electrolyte through an ammeter. When a layer of foil and its 
outside layers of foil were penetrated by corrosion (both general corrosion 
and localized corrosion), the corrosive medium would wet the electrode 
inside that layer of foil and form an electrical path between the electrode 
and the auxiliary electrode and a galvanic current would fl ow through the 
electrode.

Figure 8.34 shows the anodic currents from the different electrodes in an 
eight-electrode multilayer penetration probe made of aluminum foil to a 
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Type 316L stainless steel auxiliary electrode in simulated seawater and a 
simulated seawater plus 10 mM ferric chloride solution. The breakthrough 
times (t1, t2,  .  .  .) are the times the current from the corresponding electrodes 
started to increase due to the perforation of the foils. Figure 8.35 shows the 
penetration rates calculated using the breakthrough times shown in Fig. 
8.34 and the thickness of the foil (16 µm in thickness). The average penetra-
tion rates for the aluminum foil were approximately 0.73 mm/y (29 mil/y) in 
simulated seawater, and 12.5 mm/y (490 mil/y) in the simulated seawater 
plus ferric chloride solution, respectively. The aluminum foil was Type 8111 
aluminum with a chemical composition of 98.5wt% aluminum and balance 
of iron and silicon. The maximum localized corrosion rates measured with 
the CMAS probes were 0.2 to 1.1 mm/y for Types 3003 aluminum (98.6%Al, 
0.12%Cu and 1.2%Mn) and 0.2 to 0.5 mm/y for Type 1100 aluminum (99% 
minimum Al and 0.12%Cu) in simulated seawater, and 7 to 40 mm/y for 
Type 1100 aluminium in simulated seawater plus 10 mM FeCl3 solution. 
These results from the CMAS probes are in good agreement with the 
results from the penetration probes.
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8.10 Applications of coupled multielectrode array 

sensor for real-time corrosion monitoring

CMAS probes have been extensively used for monitoring localized corro-
sion of a variety of metals in the following environments:

• Cooling water81,85,96,101,120

• Simulated seawater103,120

• Salt-saturated aqueous solutions86

• Concentrated chloride solutions82

• Concrete109

• Soil110

• Low-conductivity drinking water104

• Process streams of chemical plants at elevated temperatures89,93,98

• Coatings107,111

• Deposits of sulfate-reducing bacteria88,95

• Deposits of salt in air87,91

• High pressure simulated natural gas systems106

• H2S systems106

• Oil/water mixtures100,116

• High temperature acidic solution119

• Engine coolant.115

The CMAS probes were also used in the evaluation of corrosion inhibi-
tors81,121 and monitoring the effectiveness of cathodic protections.108 In addi-
tion, CMAS probes have been used to measure the propagation rate of 
metals in crevices.102

Chapter 26 describes in detail the application of the CMAS probes in 
real time corrosion monitoring for cathodically protected systems in simu-
lated seawater, drinking water, soil and concrete. For other applications, 
the users are encouraged to read the appropriate references.

8.11 Limitations of multielectrode systems

All electrochemical techniques have limitations. Coupled electrode systems, 
depending on their operating principles, have their own limitations. Corro-
sion engineers need to understand these limitations in order to use them 
effectively for research or monitoring. As previously discussed, an obvious 
limitation of the CMAS probe is a possible underestimation of actual dis-
solution rates because of concurrent cathodic reactions occurring on the 
most anodic electrode of the array. The corrosion rate from an unpolarized 
CMAS probe may be lower than the actual corrosion rate and is the lower 
bound of the corrosion rate. The proposed method to overcome this limita-
tion is to slightly polarize the probe to or near the potential of the most 
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cathodic electrode. This polarization method gives the upper bound of the 
corrosion rate. Although the tests with selected systems showed that the 
lower bound values were close to the upper bound values (factors of 2.2 to 
2.7), the lower and upper bound values may be signifi cantly different for 
other systems. An alternative approach is to use small electrodes, because 
the smaller the electrode, the greater the probability for anodic reactions 
to completely cover the most anodic electrode surface. This, however, may 
not be practical for all situations. In addition, if the electrode is too small, 
it may no longer represent the corrosion behavior of a large metal. The 
electrode size effect should be determined before any attempt is made to 
use extremely small electrodes.

A second limitation, especially for purposes of research in localized cor-
rosion phenomena, is the crevice between each electrode and the surround-
ing insulator. Although different methods and different types of epoxy or 
coatings have been used to reduce or eliminate the formation of crevices, 
the fabrication of a crevice-free multielectrode probe for certain environ-
ments, especially under elevated temperature conditions, has been a chal-
lenge. For a less corrosion-resistant metal in a corrosive environment, such 
as carbon steel in seawater, this may not be an issue because corrosion takes 
place mostly on the boldly exposed metal surfaces. If a crevice forms, the 
area of corrosion is less defi ned, and the calculation of corrosion rates may 
be diffi cult.

Finally, because the electrode areas are small and low levels of current 
are measured, precautions must be taken to minimize noise from thermal 
junctions, dissimilar electrode contacts, and other noise sources. Care must 
also be taken in the electrode preparation to ensure that the metallurgical 
state of the actual material of interest is adequately represented by the 
electrodes. Often, wires of an alloy do not have the same microstructure as 
other wrought forms. Special machining techniques have been used to fab-
ricate the electrode from exactly the same kind of wrought forms for the 
probes, but the cost for such fabrication is high.

8.12 Summary

Coupled multielectrode systems have been used for qualitative corrosion 
detection in concrete for nearly two decades and for crevice corrosion 
detection for more than 15 years. Coupled multielectrode arrays with 
spatially patterned electrodes have been used for electrochemical studies 
for at least 12 years. The coupled multielectrode arrays that can be 
arranged in any given patterns have been used by many researchers 
for studying the spatial patterns and the electrochemical behaviors of 
the corrosion processes, especially the localized corrosion processes of 
metals.
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With the advancement of the coupled multielectrode arrays and multi-
channel instrumentation, real-time CMAS probes have been developed. 
These probes give simple parameters, such as maximum localized corrosion 
rate, maximum localized corrosion penetration depth, and estimation for 
average corrosion rate. The CMAS probes have been extensively used for 
online and real-time corrosion monitoring in laboratories and industrial 
fi elds. Because CMAS probes do not require the presence of bulk electro-
lytes, they have been used not only in aqueous solutions, but also in wet 
gases, oil/water mixtures, salt deposits, biodeposits, soil, concrete and 
undercoatings. CMAS probes also have been used for real-time monitoring 
of the effectiveness of cathodic protection in cathodically protected systems. 
In addition to the real-time measurement of the quantitative rate of local-
ized corrosion, such as pitting and crevice corrosion, CMAS probes have 
also been used to estimate the general corrosion rate based on the average 
corrosion rate. With proper design in seals and access fi ttings, CMAS 
probes also have been used for corrosion monitoring at high-pressure and 
elevated temperatures. Another important feature of CMAS probes is that 
the life of these probes is extremely long because there is no limit on the 
length of the sensing electrodes embedded in the insulators. The probes 
can be reused after the sensing surface is re-polished or after the severely 
corroded sensing tip is cut off.

At the present time, the costs of the multichannel high-resolution multi-
electrode instruments are rather high. As the demand for the multielectrode 
systems increases and the instruments as well as the probes can be 
mass produced, the costs of the multielectrode systems will decrease and 
the multielectrode systems will play an important role in corrosion 
monitoring.
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Part II
Other physical or chemical methods for 

corrosion monitoring





9.1 Introduction

Measuring weight is one of the fundamental techniques of corrosion sci-
ences. Measurements of mass changes (weight loss or weight gain) of test 
specimens using analytical balances with various capacities and sensitivities 
have been widely used to evaluate materials degradation as a function of 
exposure times or temperatures in corrosive environments. In this chapter, 
two gravimetric techniques for corrosion monitoring will be described: 
thermogravimetric analysis (TGA) and quartz crystal microbalance (QCM). 
This chapter will examine the operating principles of TGA and QCM, and 
will review types of corrosion that can be evaluated with the two tech-
niques. Additionally, the various types of TGA and QCM measuring and 
monitoring systems that are currently available on the market and future 
trends for applying these techniques will be discussed throughout the 
text.

9.2 Thermogravimetric analysis (TGA) technique

The thermogravimetric analysis (TGA) technique requires continuous 
weighing of a sample in a specifi c environment, either as a function of 
temperature or at a constant temperature. This technique is widely used to 
study oxidation and high-temperature corrosion. Gulbransen and Andrew 
(1961) developed vacuum microbalance to study and analyze the reaction 
rates of metals and alloys in controlled atmospheres of O2, N2, H2 and H2O. 
Such analysis relies on a high degree of precision in four measurements: 
specimen weight, temperature, rate of temperature change and exposure 
time. An automatic recording microbalance (Cahn and Schultz, 1962) with 
precision of 0.1 micrograms (µg = 10−6 grams) permits long duration runs 
at high temperatures and has been commercially available since the 1960s. 
A schematic diagram of an automatic recording microbalance is shown in 
Fig. 9.1. The specimen is freely suspended from a precision microbalance 
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located outside the furnace chamber. The microbalance mechanism records 
weight change due to chemical reactions in a controlled environment, along 
with specimen temperature and elapsed time. The technique has been used 
to study the kinetics and mechanisms of engineering alloys in high tempera-
ture oxidation (Lai, 1990; Birks et al., 2006). The technique was also used 
for laboratory study of high-temperature corrosion kinetics of nickel- and 
cobalt-based turbine alloys (Goebel and Pettit, 1970; Huang et al., 1979; 
Chiang et al., 1983, 1984; Cheruvu and Chiang, 2006). The effects of alloy 
composition, salt composition, gas composition, and temperature on the 
corrosion rates and mechanisms were reported.

9.2.1 Examples of microbalance applications

Multiple processes can lead to mass changes that would correspond to 
chemical reactions as a function of temperature. The types of processes that 
can be studied using microbalance systems include but are not limited to:

• Thermal stability and decomposition
• Surface adsorption/desorption
• Evaporation
• Oxidation rates of metals, alloys, polymers, ceramics, composites and 

coatings

Furnace 

Reaction 
gas inlet 

Purge 
gas inlet 

Gas outlet 

Specimen

Thermocouple 

Counterweight 

9.1 Schematic diagram of a thermogravimetric apparatus with 
automatic recording microbalance.
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• Reaction rates in CO, CO2, H2O, N2, H2 and mixed gases
• Halogen corrosion
• Salt deposit corrosion.

Examples of microbalance applications are given next.

Thermal decomposition of calcium oxalate hydrate

Figure 9.2 shows the TGA weight change curve for calcium oxalate hydrate 
(CaC2O4·H2O) compound when the sample is heated from 20 °C to 900 °C 
in a furnace with a heating rate of 10 °C/min. Each downward step in the 
weight change curve corresponds to a decomposition process for calcium 
oxalate hydrate compound. The three steps correspond to losing water 
(H2O), carbon monoxide (CO) and carbon dioxide (CO2). The specimen 
weight data were converted to percentage weight with respect to the origi-
nal weight of calcium oxalate hydrate (Wendlandt, 1964).

Oxidation kinetics of nanostructured coatings

TGA technique was used to study the oxidation kinetics of a nanostruc-
tured Cu-Cr coating deposited on copper alloy substrate (Chiang et al., 
2007). The nanostructured coating was deposited using an ion-beam assisted 
deposition (IBAD) method (Chiang et al., 2005). The oxidation rate 
of uncoated and IBAD single-layer Cu-Cr coated NARloy-Z (Cu-3 
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9.2 Thermogravimetric weight change curve as a function of 
temperature for calcium oxalate hydrate.
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wt%Ag–0.5 wt%Zr) at 650 °C is shown in Figure 9.3(a) as mass gain as a 
function of exposure time. Both specimens exhibited high oxidation rates 
during an initial transient period of approximately 6 minutes, which was 
reduced to lower rates at longer times. Oxidation rate decreases markedly 
with the coating. The data are also plotted in Figure 9.3(b) as mass gain 
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9.3 Oxidation kinetics of uncoated and IBAD Cu-Cr coated NARloy-Z 
(Cu-3 wt%Ag–0.5 wt%Zr) in air at 650 °C. (a) Mass gain versus time plot 
and (b) mass gain versus square root of time plot (Chiang et al., 2007). 
(IBAD: ion-beam assisted deposition). © Southwest Research Institute 
2007.



 Gravimetric techniques 251

versus square root of time. The data fall along a straight line, indicating 
that the oxidation kinetics after the initial transient period obeys parabolic 
rate law:

∆m/A = (Kpt)1/2 + C [9.1]

where:

∆m/A = mass change per unit area
Kp = parabolic rate constant
t = exposure time
C = a constant

The parabolic rate constant (square of the slope in Fig. 9.3b) for the uncoated 
NARloy-Z is 4.5 × 103 µg2cm−4min−1. In comparison, the IBAD Cu-Cr coated 
specimen has a parabolic rate constant of 1.3 × 102 µg2cm−4min−1, which is 
about 35 times smaller than the parabolic rate constant obtained for the 
uncoated specimen. The oxidation rate of NARloy-Z is controlled by 
outward diffusion of Cu ions to form external Cu oxide. In contrast, oxida-
tion of the Cu-Cr coating surface is controlled by outward diffusion of 
chromium ions to form protective Cr2O3 scales.

Most commercial TGA systems are supplied with data acquisition and 
analysis software to display the test in progress on a monitor, store the data, 
and perform analyses of the data.

9.3 Quartz crystal microbalance (QCM) technique

The quartz crystal microbalance was initially used to measure mass changes 
during thin fi lm deposition in a vacuum system and to study adsorption 
processes (Stockbridge, 1966; Eschbach and Kruidhof, 1966; Warner and 
Stockbridge, 1963). This technique can measure mass changes on the order 
of nanograms (10−9 grams) (Buttry and Ward, 1992) and with some new 
equipment may be able to measure picogram (10−12 grams) changes. Within 
the last 45 years, the QCM has become a highly useful instrument when 
in situ detection and monitoring of phenomena occurring on the surface of 
materials at the microscopic level is required (Lu and Czanderna, 1984).

9.3.1 Principle of QCM

The fundamental properties of quartz have been studied for over a century. 
QCM is based on the inverse piezoelectric effect, in which a shift in the 
resonance frequency of the quartz crystal is used for measuring shifts in 
mass of the crystal and any surface fi lm. QCM consists of a thin plate of 
single-crystal quartz with electrodes affi xed to each side of the plate. Syn-
thetic quartz is composed of silicon and oxygen in the form of silicon 
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dioxide (SiO2) and is normally made in autoclaves under high temperature 
and pressure. These quartz crystals exhibit piezoelectric properties, which 
means that they can generate an electric potential when pressure is applied 
to the crystal surfaces. If a current-measuring circuit is attached to the 
quartz crystal and compressive stresses are applied, current will begin to 
fl ow through the circuit in one direction. If tensile stresses are applied to 
the same quartz crystal, the current will fl ow in the reverse direction. 
Conversely, when an electric potential is applied to the surface of the 
crystal, mechanical deformation or vibrations are generated (Heising, 
1946).

The main technology behind QCM is the piezoelectric properties of the 
quartz crystal sandwiched between two electrodes. In 1880, the Curie broth-
ers discovered the piezoelectric effect on a quartz crystal (Heising, 1946). 
Their fi rst test included placing a weight on the surface of a quartz crystal 
while measuring the electrical charge that appeared on the surface. It was 
discovered later that if an alternating current (AC) is applied to the elec-
trodes, the quartz crystal will start to oscillate at its resonance frequency 
due to the piezoelectric properties. The resonance frequency of the crystal 
will be a function of its physical properties and environment. The theoreti-
cal resonance frequency for a bar can be determined by Equation [9.2] 
(Heising, 1946).

f
l

Y
R

o=
1
2 ρ

 [9.2]

where:

fR = resonance frequency
l = length of the bar
Yo = Young’s modulus along the bar
r = density

Some factors affecting the frequency can be controlled, such as the 
density and viscosity of the phases adjacent to either side of the quartz 
crystal, the pressure differences across the crystal and the temperature. 
Other factors that affect the frequency that are not necessarily controllable 
are the mass of the attached electrode, an absorbed fi lm or a thin deposited 
fi lm (Deakin and Buttry, 1989).

The preparation of the quartz crystal will affect the crystal device’s prop-
erties. The crystal’s oscillation direction will depend upon the orientation 
of the crystal lattice. Quartz is typically a six-sided prism that ends in a six-
sided pyramid, as seen in Fig. 9.4. Because of the quartz crystal structure, 
various types of crystal cuts can be made that will affect the piezoelectric 
properties of the crystal. One of the more important properties is the fre-
quency stability: the amount that the frequency deviates from the ambient 
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temperature frequency over the operating temperature range. As shown in 
Fig. 9.4, a quartz crystal that is cut so that the plate contains the X-axis and 
makes an angle of about 35 degrees with the optic or Z-axis is called an AT 
cut (Cady, 1964). Because of the frequency stability, this is one of the most 
common quartz crystal cuts, with fundamental resonance frequencies pre-
dominately in the range of 5–30 MHz (Lin et al., 1993). An AT cut will lead 
to mechanical shear oscillations and displacements that are parallel to the 
wafer surface. Other types of cuts are available, but the AT cut is most often 
used for QCM. The frequency stability and the operating temperatures 
required by the type of testing will determine the necessary angle of the 
cut. Generally, the oscillations of quartz crystals are very stable due to 
the high quality of the oscillation (Q-factor). The ability to measure the 
resonant frequency for particular quartz crystals can be so accurate that it 
is possible to measure the adsorption of a monolayer of hydrogen in a 
vacuum system.

The QCM system utilizes the inverse piezoelectric effect to measure the 
changes in mass with time. The quartz crystal is coated by the material of 
interest, which is considered the working electrode. The material used for 
the working electrode will depend upon the type of test being performed. 
Any change in the mass that is rigidly attached to the working electrode 
will result in a change of the quartz crystal’s resonance frequency. The mass 
change can be measured by comparing the frequency of the quartz/working 
electrode to the frequency of a standard reference quartz crystal and com-
puting a differential frequency (Sauerbrey, 1959). The mass change is related 
to the differential frequency by the Sauerbrey equation, shown in Equation 
[9.3].
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9.4 Quartz crystal AT cut. (Adapted from Heising, 1946.)
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Df = change in oscillation frequency of a piezoelectric quartz crystal
Dm = change in mass of quartz crystal/working electrode system
fo = resonant frequency of the crystal
A = active area of the crystal
rq = density of quartz
vq = shear wave velocity in the quartz

Sometimes the Sauerbrey equation is written as Equation [9.4].

Df = −Cf · Dm [9.4]

where:
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r
 = sensitivity factor for the quartz crystal

In this equation, the constant Cf (sensitivity factor) depends only upon the 
thickness of the quartz slab and on the intrinsic properties of the quartz. Cf 
will increase proportionally with the overtone number and depends upon 
the square of the fundamental frequency. For an AT-cut 10 MHz quartz 
crystal, Cf equals 0.444 cm2 Hz ng−1 if changes of mass on each face of the 
quartz crystal are equal (Rodahl et al., 1995).

Limitations to the Sauerbrey equation include high dissipation (i.e., 
damping) that affects the accuracy of the calculation when the mass that is 
added to the electrode surface (a) is not rigidly deposited, (b) slips on the 
surface, or (c) is not deposited evenly on the surface in the QCM system 
being evaluated. The damping effect can be measured and accounted for 
with more elaborate QCM testing equipment, which will be described in 
Section 9.3.3.

The Sauerbrey equation is also only useful for thin solid fi lms, where the 
frequency shift is less than 1 percent of the initial quartz resonator fre-
quency (Mecea et al., 1996). To deal with this limitation, Miller and Bolef 
(1968) developed the composite acoustic resonator model to account for 
thicker fi lms. Miller and Bolef developed an equation that maintains 
Sauerbrey-like results while treating the quartz resonator and deposited 
fi lm as a composite resonator. Lu and Lewis (1972) further developed this 
technique for a more accurate equation.

An additional limitation to the Sauerbrey equation is that it assumes that 
a rigid mass is attached to the crystal in air and not in a liquid environment. 
When using the QCM system in a liquid, the viscosity of the liquid will 
decrease the amplitude of the oscillation and affect the resonance fre-
quency (Martin and Hager, 1989). In the 1980s, both Kanazawa and Gordon 
(1985) and Nomura and Okuhara (1982) studied the use of QCM in a liquid 
environment to evaluate the effect of liquids on the QCM. Kanazawa and 
Gordon showed that an exponentially damped shear wave develops at
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the surface of a QCM when it is submerged in a solution. The change in 
resonant frequency as a function of the liquid environment’s viscosity can 
be calculated by Equation [9.5].

∆
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where:

hl = viscosity of the liquid
rl = density of the liquid
rq = density of quartz
mq = shear modulus of quartz

Once it was found that the excess viscosity loading of a liquid did not affect 
the sensitivity of QCM to measurements in mass changes, QCM was uti-
lized in direct contact with liquids and/or viscoelastic fi lms. With this devel-
opment, QCM could be used as a tool to measure corrosion processes in a 
range of aqueous environments.

9.3.2 Quartz crystal microbalance experiments 
and equipment

QCM was fi rst used in 1959, when Sauerbrey published a paper showing 
that the change in frequency of a quartz crystal can be directly proportional 
to the change in mass. Since then, many different uses for this technology 
have been developed, some of which are described next.

Quartz crystal microbalance equipment

Many QCM systems are currently available on the market, with various 
features. A typical QCM system consists of a few components, as shown in 
Fig. 9.5. These include a controller, oscillator electronics, frequency counter, 
high precision digital voltmeter, crystal holder and quartz crystals with 
electrodes attached to each side. The controller is attached to the oscillator 
and the frequency counter. The controller sets the inputs for the experi-
ment and outputs the measured frequency to the frequency counter. The 
oscillator is the electronic circuit that specifi es the output signal and as such, 
controls the resonance frequency of the crystal. It receives input from the 
controller and then transmits the electric signal to the quartz crystal holder. 
The frequency counter measures the frequency from the output of the 
controller. The selection criteria for a frequency counter will include resolu-
tion speed, time-base stability, computer interfaces and software drivers. 
Careful selection is required; otherwise, the quality of the mass measure-
ment may be degraded.
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Depending upon the experiments planned, a variety of quartz crystal 
coatings can be used to cover a wide range of physical and chemical proper-
ties, bonding properties and various interaction mechanisms. The most 
commonly used electrode for QCM is pure gold, which is chemically inert 
and can be chemically modifi ed to allow users to optimize the test setup. 
For example, gold can be chemically modifi ed to be hydrophobic rather 
than the customary hydrophilic surface. In addition to the gold sensor, there 
are silica-, stainless steel-, polystyrene- and titanium-coated surfaces that 
can be easily purchased. Silica surfaces are very hydrophilic and are mainly 
used to form lipid bilayers. Stainless steel surfaces have been used to 
examine biofi lm formation. Polystyrene can be used to evaluate the inter-
action between polymers and various different biomolecules. Titanium- 
coated samples have been used for implant research. While these types of 
sensors can be purchased off-the-shelf, surface deposition techniques can 
also be used to develop specifi c sensors if there are none in stock that fi t 
specifi c requirements.

In today’s computer-based world, the newer systems have integrated 
some of the components shown in Figure 9.5 into a peripheral component 
interconnect (PCI) board/computer. The system is interfaced to a personal 
computer (PC) by means of a digital counter PCI board, which replaces 
the controller and frequency counter in the conventional setup. This type 
of system allows for simultaneous control of multiple quartz crystals. In 
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9.5 Schematic diagram of quartz crystal microbalance equipment.
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addition, very low noise electrogravimetric QCM systems have been devel-
oped that can measure picogram level changes in mass.

Quartz crystal microbalance applications

QCM experiments can be used to measure various types of phenomena. 
The working electrode is typically gold deposited onto the quartz crystal, 
unless specifi ed as something other than gold. The working electrode is a 
thin fi lm that is placed onto one side of the quartz crystal. The quartz crystal 
oscillates nominally in the shear mode due to the AT-cut crystal. Any 
change in the mass rigidly attached to the working electrode results in a 
change in the quartz crystal oscillation frequency, given by the Sauerbrey 
equation. Differential frequency measurements are recorded, which means 
the frequency of a reference quartz crystal is subtracted from the frequency 
of the working crystal.

There are multiple processes that can lead to mass changes which would 
correspond to an effective frequency change. The types of process that can 
be studied using QCM systems include, but are not limited to

• Corrosion and corrosion protection
• Surface oxidation
• Surfactant research
• Adsorption/desorption
• Metal/alloy plating
• Oxidation
• Etching
• Moisture accumulation.

9.3.3 Dissipation technique

As mentioned previously, the Sauerbrey equation is based upon having a 
rigid fi lm form on the surface of the working electrode. However, not all 
processes such as adsorption or corrosion may lead to a rigid fi lm being 
attached to the electrode surface. When certain layers on the surface of the 
working electrode have some degree of structural fl exibility or viscoelastic-
ity, another technique will be needed. An alternative method that has been 
developed for studying these types of surface properties using QCM is 
called the dissipation technique.

The viscoelasticity of a surface fi lm can be measured by analyzing the 
energy loss, or dissipation, of the shear movement of the quartz crystal. 
One means to measure the dissipation is to drive the quartz crystal at its 
resonant frequency by an oscillator that is intermittently disconnected, 
causing the crystal oscillation amplitude to decay exponentially. The decay 
of the frequency is recorded which provides a method for measuring not 
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only the frequency but also the dissipative properties of the fi lm. This data 
provides a wealth of knowledge on the fi lm’s viscoelastic properties. The 
dissipative properties can be measured by the dissipation factor (Rodahl 
et al., 1995, 1997), which can be calculated using Equation [9.6].

D
E

E
= dissipated

stored2π
 [9.6]

where:

D = dissipation factor
Edissipated = energy dissipated during one period of oscillation
Estored = energy stored in the oscillating system

The total dissipation factor is the sum of all the losses due to damping in 
the system. Measurement of the dissipation factor can provide some quan-
titative analysis of the viscous nature of the fi lm. For example, if an absorbed 
fi lm is somewhat viscous, it will add to the total dissipation factor.

Dissipation monitoring equipment

There are no signifi cant differences between the traditional QCM and 
equipment that allows for a dissipation study. The main difference is the 
addition of a relay which can pulse the quartz crystal A/C driver on and off.

9.3.4 Electrochemical quartz crystal microbalance

Because QCM was shown to be reliably operated in liquid environments, 
it was possible to develop a new technique called electrochemical quartz 
crystal microbalance (EQCM) (Deakin and Buttry, 1989). EQCM has been 
used for electrochemical studies including potentiostatic- and galvanostatic-
controlled experiments. The typical confi guration for these electrochemical 
studies is to place the quartz crystal between two O-rings. One side of the 
quartz crystal, including the deposited electrode, contacts the solution in 
the electrochemical cell. The electrode contacting the solution serves as 
both part of the QCM oscillator circuit and as the electrochemical working 
electrode. By combining the concepts from Sauerbrey’s work with the fre-
quency change due to a solution damping, the EQCM system can measure 
mass changes in solutions.

Electrochemical quartz crystal microbalance equipment

The EQCM is utilized to study electrochemical processes. The typical 
equipment is not much different from the standard QCM equipment. The 
main difference is that an electrochemical cell and some accessories are 
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needed. A QCM crystal is mounted into a holder, which is connected to 
the chemical cell so that only one of the electrodes is exposed to the con-
ductive solution. The holder is connected to a crystal oscillator, and the 
QCM crystal electrode exposed to the conductive solution is connected to 
the working electrode lead of a potentiostat. A standard reference elec-
trode can be used in conjunction with a counter electrode (e.g., platinum 
mesh). A QCM controller provides independent frequency and conduc-
tance outputs. This data is collected and displayed by a frequency counter 
and digital multimeter, respectively. An example of the EQCM setup is 
shown in Fig. 9.6.

Applications

There are many potential applications for EQCM (Deakin and Buttry, 
1989). One is to measure the mass changes in thin fi lms on the electrode. 
Because of this measurement capability, it may be possible to use EQCM 
as a monitor in plating or stripping baths. In addition to its use as a monitor, 
EQCM may be used to measure mass changes associated with the reduction 
or oxidation reactions. The EQCM technique can also be used with dissipa-
tive techniques to quantitatively treat the infl uence of viscoelasticity. EQCM 
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9.6 Schematic diagram of electrochemical quartz crystal microbalance 
equipment.
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has also been used to measure the formation of a monolayer on the elec-
trode surface. One study by Quan et al. (2001) utilized QCM to examine 
the self-assembled monolayer of Schiff bases on copper surfaces in ethanol. 
AT-cut quartz crystal disks were precoated with a silver underlayer. Copper 
was then electroplated onto one side of the silver underlayer, and this side 
was used as the working electrode in the experiments. Once the copper was 
electroplated, it was initially rinsed with double distilled water, quickly 
rinsed with absolute ethanol, and immediately transferred to the QCM cell 
containing absolute ethanol. The adsorbate solutions were injected into the 
ethanol to start the process of forming the self-assembled monolayer. Two 
Schiff bases were used in this QCM study: N,N′-o-phenylen-bis-(3-methoxy-
salicylindenimine) (V-o-Ph-V) and N-2-hydroxyphenyl-(3-mthoxy-salicyli-
denimine) (V-bso). Figure 9.7 shows the QCM results for the different 
self-assembled monolayers. As the Figure shows, after injection of either 
base, the frequency decreased very rapidly and reached a constant value 
within 15 and 30 minutes for V-o-Ph-V and V-bso, respectively. It was 
assumed that a monolayer of material had formed onto the surface once 
the frequency reached a steady state. A mass associated with the change in 
frequency can be calculated from the frequency results. QCM tests deter-
mined that the V-o-Ph-V formed a more densely packed fi lm on the surface 
of copper than did the V-bso. This information along with additional cor-
rosion data can be used to make conjectures about the inhibiting effect of 
the individual monolayer. This and other types of experiments are possible 
with the use of an EQCM system.

In addition, the EQCM system has been combined with other surface 
analysis techniques, such as x-ray photoelectron spectroscopy, infrared 
spectroscopy and electrochemical impedance spectroscopy to study the 
mechanisms of various corrosion reactions, including growth and dissolu-
tion of passive oxide fi lms of alloys in corrosion environments (Olsson and 
Landolt, 2006).

9.4 Gravimetric techniques summary

Two gravimetric techniques are examined in this chapter: thermogravimet-
ric analysis (TGA) and quartz crystal microbalance (QCM). The funda-
mental theories behind the techniques for corrosion monitoring are covered 
next, including some of the typical experiments that would be conducted 
and the equipment that would be used. Gulbransen and Andrew (1961) 
developed vacuum microbalance to study gas–metal reactions in a con-
trolled environment at high temperatures. Automatic recording microbal-
ance (Cahn and Schultz, 1962) with precision of 0.1 µg permits long duration 
runs at high temperatures and has been commercially available since the 
1960s. The gravimetric method is widely used to study the kinetics of 
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9.7 A plot of frequency change (DF) against time during the self-
assembly of (a) V-o-Ph-V and (b) V-bso. The fi nal concentration of the 
solution in both tests was 10−3 M with a total volume of 20 mL. 
Frequency change of 1 Hz corresponds to mass change of 18 ng/cm2 
(Quan et al., 2001). © NACE International 2001.
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oxidation and other forms of high-temperature corrosion, surface reaction, 
and protective coatings.

QCM is based on the inverse piezoelectric effect, where a shift in reso-
nance frequency can be used to measure changes in mass. QCMs consist of 
a thin plate of single crystal quartz with electrodes affi xed to each side of 
the plate. The crystal can be made to oscillate at its resonant frequency 
when an external potential is applied. The frequency of the quartz crystal 
will depend upon several factors, including physical properties of the quartz, 
properties of the environment, and changes in the mass attached to the 
electrode. The quartz crystal can be prepared in different ways, but the 
most common type of quartz used for QCM is an AT-cut quartz, which will 
produce a mechanical shear oscillation with displacements parallel to the 
wafer surface.

In 1959, Sauerbrey derived an equation (Equation [9.3]) that relates the 
change in resonance frequency to a change in mass. This equation was used 
to conduct early QCM experiments in vacuum and air. However, this equa-
tion assumed that the fi lms on the QCM electrodes were thin, were rigidly 
deposited, did not slip on the surface, and were deposited evenly. The 
Sauerbrey equation does not account for any of these circumstances. There-
fore, QCM was not initially used in a liquid environment due to the visco-
elastic nature of the solution.

Kanazawa and Gordon (1985) evaluated the use of QCM in liquids, and 
in the mid-1980s, an equation was developed (Equation [9.5]) to account 
for the frequency change due to contact with a solution. These authors have 
conducted experiments that compared the variation in the QCM frequency 
to changes in solution density or viscoelasticity. Further experiments have 
been expanded to look at the electrochemical properties for different 
systems.

QCM experiments can examine many different types of phenomena. 
These include, but are not limited to, adsorption/desorption, oxidation, 
metal/alloy plating, corrosion, etching, corrosion protection, surfactant 
research and moisture accumulation. EQCM can be used to study the elec-
trochemical properties of a system. One of the electrodes contacts the 
solution and is attached to a potentiostat as the electrochemical working 
electrode. EQCM can measure the formation of monolayers or mass 
changes in thin fi lms. It can also measure mass changes in plating or strip-
ping baths, or mass transport associated with redox reactions.

Finally, there is a dissipation technique that can be used to measure fi lms 
that are not fully rigid and bonded to the electrode surface. A dissipative 
factor can be measured by intermittently disconnecting the driving poten-
tial to the QCM crystal holder. The crystal oscillation amplitude decay 
curve provides information about the dissipative properties of the fi lm on 
the surface of the electrodes. QCM techniques offer a wide range of poten-
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tial applications for conducting in situ experiments in various environments. 
Depending upon the properties that are being evaluated, different QCM 
techniques that have been developed over the last half-century may be 
applicable.
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10
Radioactive tracer methods

D O U G L A S  C. E B E R L E, Southwest Research Institute, 
San Antonio, Texas, USA

10.1 Principle and history

The radioactive tracer method was fi rst conceived by George de Hevesy in 
the early 1900s. According to Van Houten (2002), De Hevesy was employed 
at Ernest Rutherford’s lab in Manchester, England between 1910 and 1913. 
Rutherford was interested in studying the properties of a substance named 
radium-D. The problem was that the radium-D he had obtained was mixed 
with lead. Rutherford had been unable to separate it, so he challenged de 
Hevesy to the task. De Hevesy attempted the separation unsuccessfully for 
more than a year before he had the idea that if this substance was insepa-
rable from lead, it might be used as a tracer to follow lead through chemical 
reactions by making radioactive measurements. This was the birth of the 
radioactive tracer method and it eventually led to de Hevesy winning the 
Nobel Prize for his work on the use of isotopes as tracers in the study of 
chemical processes in 1943. As a side note, it was eventually discovered that 
radium-D was actually an isotope of lead, namely 210Pb.

Since de Hevesy’s initial conception, radioactive tracer methods (some-
times known as radiotracers) have been used by industry to measure a wide 
variety of corrosion, erosion and wear mechanisms. The technique offers 
several advantages over conventional techniques. First of all, it is highly 
sensitive. Radioactive material can often be detected at quantities much 
lower than can be detected through other means such as chemical analysis 
or gravimetric or dimensional means. Material loss rates in the order of 
micrograms per minute (µg/min) or nanometers per minute (nm/min) can 
be measured with time resolutions in the order of several minutes. Under 
certain circumstances, the technique can make measurements in near real 
time without having to periodically take apart an assembly. This is a signifi -
cant advantage when the component is diffi cult to get to and disassembly 
means having process downtime. It also means that measurements can be 
made under changing conditions. This allows for cause and effect analysis, 
such as the effect of temperature on corrosion rate. Lastly, the technique 

265



266 Techniques for corrosion monitoring

can quantify material losses from discrete areas or surfaces of interest. This 
allows for tracing of corrosion, erosion or wear rates from a discrete com-
ponent within an assembly, such as wear from piston rings in an engine, 
without the confounding effect of other sources of wear material from the 
engine.

The basic principle of operation is that a surface or volume of material 
to be tested is fi rst labeled with a radioactive isotope or isotopes. Ehmann 
(1991, p. 8) defi nes isotopes as ‘forms of an element with the same number 
of protons, but different masses due to different numbers of neutrons in 
their nuclei’. Isotopes are often an unstable form of the element and these 
unstable forms decay by various means at a known rate. As isotopes decay, 
they often emit emanations such as gamma rays, alpha particles or beta 
particles. These emanations are known as radioactivity and can be mea-
sured with different types of detectors.

Once a material has been radio-labeled, it is exposed to an environment 
(either a wearing or corroding condition, usually in a fl uid) for a period 
of time. As the part wears or corrodes, labeled radioactive material is 
removed at the same rate as the unactivated parent material. Quantifi ca-
tion can be made of this surface loss through either measuring the increase 
in radioactivity of the fl uid, or by measuring the decrease in radioactivity 
from the activated surface, after accounting for natural radioactive 
decay.

To give an illustration of this technique, Treuhaft and Eberle (2007) 
describe a method often employed to measure real-time wear from com-
ponents within internal combustion engines. In this case, the components 
of interest (piston rings, rod bearings, etc.) are made radioactive by exposing 
the parts to a thermal neutron fl ux (bulk or neutron activation) near the 
core of a nuclear reactor. The high energy neutrons penetrate the nucleus 
of a small number of atoms within the test component. For each interaction, 
there exists a probability that the free neutron will be captured. This results 
in an increase in the mass of the nucleus, transmuting the atom into a 
heavier isotope, which is often radioactive. The now radioactive component 
of interest is then installed in the engine. The engine is confi gured with a 
special sump oil loop for interrogation with a gamma spectroscopy system, 
see Fig. 10.1. As the engine is operated and the component wears, wear 
particles are abraded from the parent part and are transported into the 
lubricating oil. Since the wear debris consists of very small particles, the 
debris is readily suspended and distributed throughout the oil system. Oil 
is drawn from the sump and circulated past a gamma ray detector, which 
measures the buildup of radiation from the wear particles. The activity of 
the wear particles is mathematically proportional to the concentration of 
radioactive wear particles present, after making corrections for natural 
radioactive decay.
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10.2 Assumptions

The most important assumption that must be made is that the process of 
labeling a material with a radiotracer does not alter its mechanical or 
chemical properties. This is almost always valid for radiotracer studies. The 
amount of radioactively transmuted material is typically in the order of 
1 ppm to 1 ppb and thus the gross material properties are not affected. The 
amount of radiation produced is also typically at a low enough level that 
the radioactivity itself does not signifi cantly affect the system. In most cases, 
the process of activation produces isotopes that are chemically the same as 
the parent isotopes. These isotopes contain the same number of protons as 
the parent, with only an additional neutron. The electron structure is not 
affected. There is a slight difference in the mass of the nucleus caused by 
the additional neutron, which may have a minor effect on diffusion type 
studies of lighter elements. According to Ehmann and Vance (1991 p. 314), 
for heavy isotopes (such as 51Cr or 59Fe), the mass differences are minor and 
the isotopes behave so similarly in chemical and physical processes that 
they are very diffi cult to separate by chemical means. Some types of activa-
tions produce isotopes that contain an additional proton. While these iso-
topes are chemically different from the parent, they reside within the same 
grain structure as the parent isotope in the metallurgy. In wear and corro-
sion studies, the assumption is made that as the grain corrodes, the labeled 
atom becomes carried away with neighboring atoms.

Although not explicitly necessary for qualitative evaluations, quantitative 
evaluations require a few additional assumptions. When monitoring the 
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10.1 Wear measurement fl ow loop schematic, courtesy Southwest 
Research Institute.
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buildup of radioactivity in a fl uid, it must be assumed that the entrained 
radioactive material is evenly distributed and is not removed from the fl uid 
by means of other processes. In many cases this is a good assumption; 
however this must be considered as a source of potential error when design-
ing an experiment, as it can have a signifi cant effect on measurements. 
Examples of processes which can remove radioactive material from fl uids 
include fi ltration, particle settling and plating of the radioactive materials 
onto other contacting surfaces.

When monitoring an activated surface for loss of activity through direct 
measurement, it must be assumed that all of the material that has been 
removed from the surface has been carried away from the immediate area 
such that it does not signifi cantly affect the measurement. If material has 
re-plated on the surface, or has settled through another means near the 
detector, it can signifi cantly skew the results.

10.3 Labeling methods

10.3.1 Bulk or thermal neutron activation

Thermal neutron activation is sometimes referred to as bulk activation. This 
technique (as well as thin layer activation, described below) creates radioac-
tive isotopes from naturally abundant isotopes within the parent material. 
The component to be activated is placed in a neutron fl ux near the core of 
a nuclear reactor, where it is bombarded with thermal neutrons. There is a 
small probability (referred to as a cross-section) that a free neutron will 
directly interact with and be absorbed by a nucleus within the component. 
This causes a nuclear reaction to take place, sometimes resulting in the 
formation of a radioisotope. Since neutrons are uncharged particles, they 
can penetrate relatively large distances through matter without interaction. 
Thus, this method allows the creation of radioisotopes that are homoge-
neously distributed throughout the part.

There are several limitations to this technique. The physical size of com-
ponents is limited by the space available near the core of the nuclear 
reactor. Typically research reactors are used that are available at certain 
governmental and university campuses around the world. Depending upon 
the design of the vessels used for activation, the size of components that 
can be activated is often limited to 15 to 20 cm in diameter. Some reactor 
setups have much smaller limitations.

Since the entire mass of the component is activated, the total induced 
radioactivity in the part is higher than in other methods. This higher activity 
often requires special licensing for increased radiation levels and additional 
safety precautions and facilities. In addition, to be able to obtain high sen-
sitivity, measurement of corrosion or wear rates is accomplished by moni-
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toring the buildup of radioactive material in the transport fl uid. Monitoring 
for the loss of activity from the surface directly is typically not possible as 
the change in activity is generally too small to detect. In most cases, this 
requires a recirculating fl ow system in order to allow the cumulative radio-
active corrosion product to build up to detectable levels. Certain processes 
do not lend themselves to recirculating systems. Sensitivity is also depen-
dent upon the total volume of the recirculating fl uid. If the system volume 
is too large, the radioactive material will be too dilute to detect.

Despite these limitations, there are a lot of good reasons to take advan-
tage of the technique. For small components, the cost of irradiation is often 
much lower than other methods for the same specifi c activity. Multiple 
components can be activated at the same time for a lower cost and activat-
ing to a higher specifi c activity level increases the sensitivity of the experi-
ment. Bulk activation can produce different isotopes from parent materials 
than other methods. This increases the choices of available radio-tracers. In 
some cases, bulk activation is the only way to produce useful isotopes from 
certain metallurgies. Since the available choice of isotopes is increased, bulk 
activation is sometimes combined with other techniques to produce multi-
ple isotopes within an assembly from the same parent metallurgy. This is 
useful to be able to trace processes from multiple discrete components 
simultaneously. In the case of internal combustion engines, it has been used 
to measure piston ring wear and wear from localized areas of the engine 
bores in the same measurement.

10.3.2 Thin or surface layer activation

Thin layer activation (TLA) is sometimes referred to as surface layer activa-
tion (SLA) or as charged particle activation. Laguzzi et al. (2004) give a 
good description of this technique. To summarize, in TLA, a thin layer of 
material at the surface of a component is activated using a beam of charged 
particles (ions) from either a linear accelerator or a cyclotron. Typical ions 
used for activation include protons and deuterons although sometimes 
heavier ions such as 3He are used. As in neutron activation, there is a small 
probability (cross-section) that a charged particle will directly interact with 
a parent nucleus, causing a nuclear reaction that can result in a radioactive 
isotope. Charged particles do not penetrate through matter without interac-
tion as easily as neutrons. This characteristic limits the depth of activation 
to a very shallow layer on the surface of the component. Typically activation 
depths range from 50 to 150 microns and can be tailored by adjusting the 
energy of the particle beam or the angle of incidence.

One of the drawbacks of the technique is that activation is much more 
complicated. The charged particle beam is typically narrower than the 
area to be activated. This requires that either the beam be rastered or 
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10.2 TLA activity to depth profi le, courtesy Southwest Research 
Institute.

the part itself be accurately moved through either mechanical or elec-
tromechanical means. In order to readily quantify the loss of material, 
the material near the surface must be homogeneously and uniformly 
activated, without a surface dead-band. If a surface dead-band exists, the 
part will lose material initially without showing any loss of activity. This 
characteristic can be taken advantage of in certain applications as an 
indication that, for instance, a surface coating has been compromised. If 
the surface is not homogeneously or uniformly activated, the specifi c 
activity of the material changes with depth or position. Quantifying the 
loss of material requires that the specifi c activity be constant or signifi cant 
errors can result.

In an activity to depth profi le, a linear curve represents a homogeneous 
activation as shown in Fig. 10.2. While no profi le is perfectly linear, an 
experienced activation facility should know how to generate a nearly linear 
profi le with errors of less than a few percent over most of the useful depth. 
This curve can be generated by either empirical modeling or physical mea-
surement as described in section 10.5.

10.4 Potential isotopes

Table 10.1 contains a sampling of available isotopes, related production 
methods, half-lives and gamma ray energies. For SLA production methods, 
the beam type is listed as p for proton or d for deuteron.



 Radioactive tracer methods 271

10.5 Calibration and conversion to corrosion units

In order to quantify radiotracer measurements into physical units of either 
mass or thickness, a calibration must be accomplished. The method used 
for determining the calibration factor is dependent upon the method used 
to activate the sample. For bulk activated materials, since the activity is 
homogeneously distributed through the material, calibration to correlate 
measured activity to mass is relatively straightforward. Samples of the test 
material are activated simultaneously with the test article to ensure that the 
calibration samples have the same specifi c activity as the labeled part of 
interest. These calibration samples are accurately weighed, then dissolved 
into an acidic solution to form a base calibration solution. This base solution 
is then diluted through several orders of magnitude into a series of known 
concentrations. The detector is then sequentially exposed to this series of 
calibration solutions in the same or identical vessel as to be used during the 
experiment. Counts are accumulated for each sample and corrected for 
time decay to a fi xed but arbitrary reference time, usually chosen as the 
time of activation. This series of counts is plotted as a function of concen-
tration. If performed properly, a linear curve is developed relating mea-
sured counts for each isotope to solution concentration. A non-linear curve 
is an indication that the radioactive isotope has partially come out of solu-
tion as either a precipitate or as plating on the solution container walls. A 
sample calibration curve is shown in Fig. 10.3.

Table 10.1 A sampling of available isotopes, related production methods, half-
lives and gamma ray energies. For SLA production methods, the beam type is 
listed as p for proton or d for deuteron

Parent element Nuclide made
Production
method t1/2 (days) Gammas (keV)

Fe 59Fe Bulk  44.5 1099, 1291
Fe 56Co SLA, p  77.2  846
Fe 57Co SLA, d  272  122
Cr 51Cr Bulk  27.7  320
Cr 52Mn SLA, p   5.6  744, 935, 1434
Cr 54Mn SLA, p  312  835
Sn 113Sn Bulk  115  255
Sn 124Sb SLA, p  60.2  603, 1691
Ni 58Co Bulk  70.8  811
Zn 65Zn Bulk  244 1115
In 114mIn Bulk  49.5  190
Cu 65Zn SLA, p  244 1115
Co 60Co Bulk 1925 1173, 1332
Sb 124Sb Bulk  60.2  602.7, 1691
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Surface layer activation calibrations require a less direct approach, since 
the surface layer cannot easily be separated from the unactivated material 
below and the homogeneity of the activation must be checked. Several 
options are possible. If thin foils of known thickness made from the same 
or very similar parent material are available, the foils can be stacked and 
activated with the same accelerator setup as used for the primary activa-
tion. Care must be used to ensure that the accelerator parameters are 
held constant to produce the same activation profi le in the foil stack as 
in the primary target. Following activation, the foil stack is exposed to 
the detector. Successive measurements are made in which one layer of 
foil at a time is stripped away. By performing time decay correction and
plotting this series of measurements, a curve representing activity to depth 
is developed.

If adequate foils are not available, an ablation technique can be used. In 
the ablation technique, a calibration coupon made from a similar alloy 
material is activated using the same parameters as during the primary com-
ponent activation. A calibration profi le is developed by measuring the 
activity of the coupon between sequential abrasive ablation steps which 
remove a measured amount of material. The method is more prone to error 
than the foil technique as it is diffi cult to evenly remove material by abra-
sion and to accurately quantitate the material removed.

Finally if similar material activations have been previously accomplished 
and are well known, an empirically calculated activity profi le can be used. 
While most commonly employed, this method is the least preferred as there 
is no confi rmation of the actual depth profi le.
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10.6 Applications and limitations

10.6.1 Example application

Real-time crude oil corrosivity measurement

The corrosivity of crude oils has been a long term area of interest for 
refi neries and crude oil buyers and sellers. Crude oils with higher total 
acid numbers (TAN) are becoming more prevalent on the market. Due 
to the perceived higher corrosivity of these high TAN crude oils, the 
crude oils are often sold at a discount. Though TAN has historically 
been used as an indicator of higher corrosivity, the correlation between 
TAN and corrosivity is poor. Crude oil corrosivity is a diffi cult parameter 
to measure under high temperature conditions, since the corrosive agents 
(typically a combination of naphthenic acids and sulfur compounds) can 
undergo thermal degradation. Traditionally, crude oil corrosion is mea-
sured by coupon weight loss techniques that range from 48 to 96 hours, 
or longer, exposure under various conditions. Weight loss has several 
confounding issues in that the oil properties can change in this time 
period and passivating or other types of fi lms can build up on the surface 
of the coupon, potentially leading to coupon weight gain if not properly 
removed.

In order to obtain better sensitivity than loss-in-weight techniques, and 
to make the measurement prior to thermal degradation and without con-
founding fi lm buildup, two techniques have recently been developed by 
Eberle et al. (2005) using radiotracers to measure crude oil corrosivity at 
elevated temperatures. One technique uses a heated, stirred autoclave, 
while the second uses a high shear stress fl ow loop arrangement. The fl ow 
loop technique allows for real-time measurement of corrosion with ten-
minute resolution. In both techniques, 1018 carbon steel coupons were 
radio-labeled for demonstration studies with 59Fe by bulk activation.

The fi rst technique involves exposure of the activated coupon to heated 
oil in a stirred autoclave. A radio-labeled disk-shaped coupon is mounted 
between low conductivity ceramic spacers onto the autoclave’s stirring rod 
to prevent galvanic corrosion. Test oil is added and the autoclave is sealed 
and pressurized with nitrogen gas to minimize oil phase change. The coupon 
is rotated while the oil is heated to the test temperature. The autoclave is 
held at this temperature for a period of 30 minutes and then is allowed to 
cool. Following disassembly, the coupon is removed from the test oil. The 
test oil is measured with a gamma spectrometer for the accumulation of 
radioactive soluble corrosion products. The test coupon is next tumbled in 
abrasive media to remove any adhered products on the coupon surface. The 
abrasive media is measured with a gamma spectrometer to measure the 
products which were removed during the tumbling process. In both cases, 
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measurements are fi rst converted to mass units by applying appropriate 
time decay and calibration factors. Mass units can be converted to average 
thickness loss over the exposed coupon surface area. A chart showing 
soluble, adhered and total corrosion product loss resulting from testing is 
shown in Fig. 10.4.

In the fl ow loop technique, a rod-shaped coupon is installed in a special 
test fi xture designed to create a constant shear stress along the coupon 
surface when oil fl ows through. As in the autoclave technique, the coupon 
is mounted between low conductivity ceramic isolators to prevent galvanic 
corrosion. The fi xture is installed in a heated recirculating fl ow loop con-
taining the test oil. An image of the fl ow loop is shown in Fig. 10.5. The fl ow 
loop is pressurized with nitrogen gas to minimize oil phase change. Shear 
stress is measured as pressure drop over the length of the coupon. Typically 
oil fl ow rate is adjusted during testing to maintain a constant shear stress as 
the oil is heated. As the coupon corrodes, corrosion products are entrained 
in the oil stream and carried past a calibrated gamma spectrometer. The 
spectrometer accumulates detected counts over a fi xed time period. At the 
end of each period the accumulated counts are saved, the spectrometer is 
zeroed and the counts restarted. The counts for each period are time-decay-
corrected and converted using calibration factors to accumulated corrosion 
product in the oil. Figure 10.6 shows a sample corrosion curve for a mineral 
oil spiked to a TAN of 3.0 mg KOH. In this curve, corrosion rate increases 

10.4 Grouped repeats of autoclave corrosivity tests, courtesy Southwest 
Research Institute.
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10.5 Real-time corrosivity measurement fl ow loop, courtesy 
Southwest Research Institute.

10.6 Sample fl ow loop test cumulative corrosion as a function of time 
and temperature, courtesy Southwest Research Institute.
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as temperature increases and stabilizes once the system reaches a steady-
state temperature.

10.6.2 Discussion of limitations

Although radiotracer corrosion measurement techniques have many sig-
nifi cant advantages over other techniques, there are limitations as well. First 
of all the technique involves the use of radioactive materials. Although the 
relative activities are low and can be handled safely with appropriate pre-
cautions, radioactive materials are regulated materials. Laws vary in almost 
every country. In most cases, specifi c licenses to handle radioactive materi-
als are required. Licenses can be costly both to obtain and to maintain.

Another signifi cant limitation to the technique is that in order to make 
the measurement, the corrosion products must be physically separated from 
the originating surface. In many cases this is accomplished by transporting 
the corrosion products from the surface in the corroding fl uid. In other cases 
the surface can be cleaned either mechanically or chemically to remove the 
products.

Measurement equipment costs are relatively high for this technique. 
Depending upon the instrumentation used, detector costs can range from 
several thousand to tens of thousands of US dollars.

10.7 Sources of further information

For information on radiation measurement equipment, refer to Knoll, G 
2000, Radiation Detection and Measurement, Third Edition, Wiley, New 
York.
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Electrical resistance techniques

C. S. B R O S S I A, C C  Technologies, 
Dublin, Ohio, USA

11.1 Introduction and background

Corrosion monitoring probes based on detecting and measuring changes in 
electrical resistance have been in use since the 1950s (Dravnieks and Cataldi, 
1954; Freedman et al., 1957). These electrical resistance (ER) probes, some-
times referred to as electronic coupons (Brown, 1996), monitor the electri-
cal resistance of a sensing element that is exposed to the environment of 
interest. As the sensing element experiences corrosion, its cross-sectional 
area will decrease and the measured resistance will increase. ER probes are 
utilized in a wide range of application and industries including oil and gas 
production, pipeline, chemical process, pulp and paper, power generation 
and archeological preservation to name a few.

ER probes are often selected because of their relatively simple opera-
tions, relatively low maintenance, ease of data interpretation, real-time data 
collection and reliability. Because the probes essentially are exposed to the 
environment, they are relatively passive in nature and are no more diffi cult 
to install or utilize than traditional weight loss coupons. Thus, the main 
issues in utilizing ER probes include ensuring that the probe element is 
exposed to the environmental conditions of interest (e.g., the same chem-
istry, temperature, fl ow regime, etc. as the structure being monitored), safety 
considerations associated with ensuring that penetrations into a high pres-
sure system are done correctly, and provisions are made for eventual 
retrieval for maintenance and replacement. Thus, ER probes are commer-
cially available for service operations up to and exceeding pressures of 100 
bar and temperatures of 500 °C. Higher pressure and temperature probes 
are often also available for specialized cases and can be custom produced 
without signifi cant diffi culties.

Maintenance of the probes usually arises due to deposit build up and 
precipitation. In cases where scaling formation is of interest, the probe can 
still be used with caution since some scale deposits can be electronic-con-
ducting (note, ionic conducting generally does not affect the measurements) 
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and others are not. Thus, with conducting scales the overall resistance will 
tend to decrease with the time of exposure. Should corrosion occur simulta-
neously with scale formation, interpretation of the results may be diffi cult.

Data interpretation and decision-making are generally fairly easy. As 
the resistance increases, the loss of metal can be directly determined 
which will be discussed below. Because the effect of actual metal loss is 
measured, this can then be translated to a corrosion rate and provides 
a reliable indication of possible metal loss experienced by system com-
ponents. It has been reported that the nominal minimum thickness loss 
that can be detected by ER probes is on the order of 1 µm (Clarke, 
1991); however this is strongly dependent on the probe design. Though 
an indication of metal loss is obtained from ER probes, they do not 
measure the direct metal loss experienced by system components.

Unlike corrosion coupons, ER probes can be used to provide real-time 
corrosion rate information (see Fig. 11.1). For corrosion coupons, the cor-
rosion rate is generally determined after a prescribed exposure period has 
been reached and the weight change of the specimens is then determined. 
The assumption in using these coupons is that the corrosion rate throughout 
the exposure period is relatively uniform. As a result, any process system 
upsets that dramatically increase the corrosion rate will be diffi cult to detect 
and tend to be minimized using coupons. In the case of ER probes, the 
corrosion rate can be determined either through periodic or continuous 
resistance change measurements. In the case of periodic measurements, the 
periodicity can be much more frequent than that employed with corrosion 
coupons. For example, typical coupon exposures might call for weight loss 
measurements after a period of several weeks or months whereas the ER 
probe can be interrogated as often as desired. Thus, the corrosion rate can 
be determined daily or more frequently. When monitored continuously, 
both the instantaneous effects of corrosion and the integrated time effects 
of corrosion can be determined. For example, a linear polarization resis-
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tance probe can provide a measure of the instantaneous corrosion rate but 
cannot provide the cumulative effects of corrosion. In the case of the ER 
probe, the cumulative effect of corrosion is always known and the instan-
taneous effects of corrosion, like the effects of a process upset, can be 
determined by comparing subsequent or a sequence of measurements over 
a short period of time. That is, if the resistance is noted to increase dramati-
cally over a short period of time and then continues to increase at a slower 
rate consistent with the pre-event rate, then an upset or some other event 
can be concluded to have occurred.

Because of their relative simplicity, ER probes are generally quite reli-
able and cost effective. Issues and concerns that need to be considered 
include probe replacement due to corrosion and the resultant effect on 
useful life, the effects of non-uniform corrosion on rate measurements, and 
installation and manufacturing defects. Because the probe element cor-
rodes away during exposure, eventually the probe will corrode to the point 
that unreliable measurements are obtained. These errors typically arise due 
to non-uniformity in corrosion of the sensing element after approximately 
half of the original thickness (one quarter of the diameter for wire ele-
ments) has been consumed (Davies, 1986). Non-uniform corrosion, such as 
pitting, crevice corrosion, and stress corrosion cracking can lead to errors 
in measurement. These errors can be both in the form of underestimation 
and overestimation of the true corrosion rate, thus visual inspection of the 
probe element on replacement is required. Installation and manufacturing 
defects can also be a source of errors and thus spurious readings should not 
always be associated with process system changes.

11.2 Sensing probe designs

In its basic form, an electrical resistance (ER) probes consists of a metal 
sensing element whose resistance is measured while the element is exposed 
to the environment of interest. As corrosion takes place and metal loss 
occurs, the cross-sectional area of the sensing element, shown generically 
in Fig. 11.2, will decrease and the electrical resistance will increase via 
Equation [11.1]:

R
l

A
= ρ

 [11.1]

Where r is the resistivity of the metal (element), l is the length of the 
element, and A is the cross-sectional area. Utilizing Ohm’s law, the resis-
tance can thus be measured by determining the potential (voltage) drop 
across the sensing element when a small current is applied. The resistance 
of the sensing element is then compared to the resistance of a separate 
element that is not exposed to the environment. Changes in the ratio of the 
two resistances as a function of time (the slope of the resistance ratios with 
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time) then yield the corrosion rate. Because resistivity is also a function of 
temperature, compensation for temperature effects separate from the effect 
of temperature on corrosion rate needs to be considered. To accomplish 
this, the reference element is allowed to reach the same temperature as 
the sensing element, thus any changes in the inherent resistivity due to 
temperature will be subtracted out.

Sensing probes come in a wide range of forms including wires and loops, 
tubulars and thin fi lm/sheets and strips. Examples of some of these probe 
designs are shown in Fig. 11.3. The choice of probe element design is often 
driven by the application and conditions being monitored. For example, 
thinner elements such as thin fi lms/sheets and small diameter wires can 
provide very high sensitivity and improved response times for detecting 
corrosion. However, these elements also will be perforated and will experi-
ence signifi cant metal loss as a fraction of the total original much sooner 
than other forms. Thus, their life expectancy in service will be shorter than 
thicker forms. The relationship between ER probe response time, probe life 
and the expected corrosion rate is illustrated in Fig. 11.4. Because the tem-
perature of the environment will change the resistance of the element and 
thus introduce an error in the corrosion rate measurement, a thicker probe, 
especially the tubular form, tends to counteract this and improves tempera-
ture compensation. By improving temperature compensation, the response 
time to corrosion rate changes also improves.

It is important also to note that probes can be designed to be inserted 
into the process stream as well as to be fl ush mounted. The use of fl ush 
mounted probes is important when the fl uid dynamic properties play a sig-
nifi cant role in performance. This could arise in multiphase systems such as 
mixed product pipelines where liquid petroleum, liquid water and various 
gases are present. Under stratifi ed fl ow conditions, the water phase will 
settle to the bottom of the pipeline and thus corrosion monitoring for 
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11.2 Schematic diagram of ER probe sensing element.
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inhibitor effectiveness at these locations is critically important. If the ER 
probe is located in the middle of the stream, it will predominantly see the 
oil phase which may be of lesser interest. Similarly, if entrained solids lead 
to erosion-corrosion, placement of the ER probe at locations within the 
system where erosion is most likely (e.g., bends, elbows) would be in order. 
Thus, not only the design of the probe element itself but how it is inserted 
and located within the system is important.

11.3 Examples of application and use

For the most part, all of these probe designs discussed previously are suit-
able for immersion service in any form of electrolyte including aqueous, 
non-aqueous (e.g., organic solvents, alcohols), concrete and soils. For some 
cases, such as atmospheric corrosion, the use of the thin fi lm probe is pre-
ferred due to increased sensitivity. Examples of the use and application of 
ER probes for corrosion monitoring are described below.

A

Section A – A

A

Epoxy

11.3 Examples of different commercially available ER probes.
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11.4 Expected life and response times for ER probes as a function of 
corrosion rate.

11.3.1 Chemical process and oil and gas industries

Bergstrom (1981) described results using an ER probe to monitor the cor-
rosion rate in an acidifi ed organic solvent process stream where attempts 
were made to neutralize the acid by caustic soda additions. The system had 
been experiencing a series of unexplained leaks that were diagnosed as 
caused by a faulty pH probe that was part of the caustic addition control 
system such that the pH remained very low and the corrosion rate high. In 
a separate example, Bergstrom (1981) showed where an ER probe was able 
to detect the failure of fl uid velocity controlling baffl es in a concentrated 
brine solution (Fig. 11.5). The resultant increase in corrosion rate experi-
enced by the ER probe element was a direct result of the baffl es failure 
leading to increased fl ow rates.

11.3.2 Concrete structures

Legat et al. (2003) demonstrated that ER probes could detect the addition 
of corrosion inhibitors to concrete and to measure the cumulative effects 
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of corrosion damage. In their study, they also examined the effects of probe 
depth and the presence of salt on the corrosion rate. As shown in Fig. 11.6, 
the probes where deionized water (DI) water was used to wet the concrete 
showed consistently lower corrosion rates than the concrete wetted with a 
3.5% NaCl solution (as would be expected). The thickness loss at locations 
closer to the surface was also noted to be more dramatic than deeper into 
the concrete. On the addition of inhibitor to the chloride solution wetted 
concrete, the thickness loss of the ER probe was noted to stop until the 
inhibitor was consumed.

11.3.3 Atmospheric

The thin fi lm/strip probe can also be used for atmospheric corrosion moni-
toring. For example, McKenzie and Vassie (1985) used a thin fi lm ER probe 
and compared the resultant corrosion to that measured using weight loss 
coupons over a period of 12 months. They demonstrated very good correla-
tion (Fig. 11.7) in total metal loss experienced by the weight loss coupons 
and the corrosion loss measured using the ER probe at intervals of 3, 6, 9 
and 12 months. They concluded that the ER probe results were comparable 
to the traditionally used standard weight loss coupon and thus could be 
used to provide better short term atmospheric corrosion rate estimates and 
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importantly can provide an early indication of the onset of corrosion due 
to higher sensitivity. In addition, they found that the ER probe was able to 
more effectively determine and quantify the effects from directional wind/
rain exposure than weight loss coupons.

Jung et al. (2003) constructed a thin fi lm ER probe to monitor for atmo-
spheric corrosion and compared its performance to a traditional time of 
wetness sensor. They were able to demonstrate that the ER probe was much 
more sensitive to alternating wet/dry conditions and could clearly show the 
elevated corrosion rates that result from salt concentration effects and 
increased oxygen transport during the dry out periods. In contrast, the time-
of-wetness sensors were unable to clearly distinguish these episodic events.

11.3.4 Corrosion in soils

Thin fi lm ER probes have also been used to monitor for the onset of micro-
bially infl uenced corrosion in soils (Li et al., 2001). Figure 11.8 shows the 
response of three individual probes that were exposed to soils containing 
sulfate reducing bacteria. Some differences in performance were noted and 
based on post-exposure examination showed that all the probe elements 
had formed FeS fi lms but had experienced ruptures on two of the probes. 

Thus, where the ruptures were present, the corrosion rate was substantially 
higher and the remaining thickness considerably decreased.

Horton et al. (2006) described a program to monitor for possible corro-
sion of ductile iron pipe in the Florida Everglades, United States. The 
Florida Everglades environment is highly corrosive because of its high 

50 100 200150

Time (h)

2500
0.0

0.2

0.4

0.6

0.8

1.0

0.21 mm/y

I/I
in

it

0.014 mm/y

0.04 mm/y

0.002 mm/y

a

b

c

11.8 ER probe response in soils containing sulfate reducing bacteria.



286 Techniques for corrosion monitoring

concentration of decaying organic matter, brackish water chemistry and 
high microbial concentrations. Because these pipes traditionally were 
encased in polyethylene, a determination of the effectiveness of this encase-
ment for this environment was needed. To aid in that determination, both 
bare and polyethylene encased ER probes were installed in several loca-
tions. The authors were able to distinguish corrosion rate differences 
between the encased and non-encased ER probes but also where the probes 
were located with respect to the pipe. For example, they noted that the cor-
rosion rate measured on top of the pipe (12 o’clock position) showed virtu-
ally no corrosion whereas underneath the pipe (6 o’clock position) corrosion 
rates on the order of a few mils per year (mpy) (or 0.025 to 0.1 mm/y) were 
observed. This work helps to demonstrate not only that corrosion and 
where it occurs on a structure is highly spatially dependent but also the 
utility in using ER probes to help make these determinations.

Martin (1993) described efforts to better understand and mitigate 
potential telluric current (current induced in buried metallic structures 
due to the earth’s magnetic fi eld) corrosion effects on buried pipelines 
in Australia. To accomplish this, he attached a series of ER probes to 
the cathodic protection (CP) system of the pipeline and then compared 
the pipe potential and CP system current draw with the ER probe data. 
He was able to show that in some cases telluric currents did in fact 
result in appreciable changes in the corrosion rate. This work illustrates 
an important advantage that ER probes have over many other monitor-
ing methods. If a system is protected using cathodic protection, the ER 
probe can likewise be polarized and the resultant corrosion rate while 
under CP can be determined. In contrast, other methods such as linear 
polarization resistance (see Chapter 3) cannot easily be modifi ed to enable 
this capability.

11.4 Sensing probe electronics and instrumentation

The electronics used for ER probe measurements are shown schematically 
in Fig. 11.9 and essentially consist of a Wheatstone bridge confi guration. A 
Wheatstone bridge is particularly well suited to determine the value of an 
unknown resistance (in this case the resistance of the sensing element, RX). 
Because the values for the other resistances are known (R1 and R2 are in 
the meter and R3 is the unexposed reference probe that has the initial 
resistance of the sensing element without experiencing any corrosion), if 
the ratio of RX/R3 equates R2/R1 then the current fl ow and voltage between 
points B and D will be zero. Using a sensitive galvanometer, the current 
between these two mid-points can be measured very accurately and can be 
nulled out by adjusting the resistance of R2. With no current fl ow between 
the mid-points, the total resistance of the entire circuit is given by Equation 
[11.2]:
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Since RT can be measured and R1, R2, and R3 are known, RX can be 
solved for. Essentially all commercial instruments automatically determine 
the sensing element resistance and either provide that resistance value 
on the meter or take the additional steps to compare previous readings 
to determine a corrosion rate.

Several different instrumentation designs are available. Some of the more 
simple systems are battery powered and consist of a dial to adjust (null) 
out the sensing probe resistance thus providing its value. Other systems are 
more complex, but still in the form of battery powered portable units, that 
automatically convert the probe measurement response into a corrosion 
rate by comparing previous measurements and are displayed as a digital 
readout. Other systems are available that are intrinsically safe for applica-
tions in fi re-hazardous locations and are permanently mounted in place. 
These permanently mounted systems are then read using a portable reader 
or are read automatically by a data logger.

11.5 Variations on the ER theme

Modifi cations and variations on the ER theme have also been developed 
that encompass changes to how the measurements are made to increase 
sensitivity and stability and to allow the application of ER measurement 
principles to the actual structure. Each of these advancements provides an 
improvement upon the overall ER probe concept but the underlying prin-
ciples and applications still generally apply.
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11.9 Wheatstone bridge.
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11.5.1 Inductance method

The use of inductive resistance to detect metal loss in the sensing element 
instead of directly measuring the resistance is an example of one of these 
changes. Patented under the trade name MicrocorTM, changes in the induc-
tive resistance of a coil in proximity to the sensing element are monitored 
(Denzine and Reading, 1997a). Because changes in the magnetic permeabil-
ity of the sensing element will be more pronounced than changes in its 
resistance, these magnetic changes result in potentially signifi cant changes 
in the inductive resistance of the coil. As a result, it has been reported that 
this confi guration results in decreases in response times by factors of 
between 100 and 2500. In addition to improvements in response times, 
improved temperature sensitivity (less sensitive to temperature changes) 
was also reported. (MicrocorTM was originally developed and patented by 
Cortest Instrument Systems (Ohio, USA). Microcor is now available from 
Rohrback Cosasco Systems (California, USA).)

When compared to linear polarization resistance method (see Chapter 
3) and traditional ER methods, the inductive resistance method was shown 
to provide comparable results (Figs 11.10 and 11.11). In Figs 11.10 and 11.11, 
the linear polarization resistance probe measurements are the same and the 
difference in response between the inductive resistance probe and the tra-
ditional ER probe can be seen. When the environment corrosivity changed 
from less than 5 mpy (0.125 mm/y) for steel to variable corrosion rates 
between 15 and 30 mpy (0.375 to 0.75 mm/y) the inductive resistance probe 
was able to detect the change in the corrosivity as evidenced by the change 
in slope. In contrast, the changes in corrosivity were not detected by the 
standard ER probe over the same time period. In addition, careful examina-
tion of the inductive resistance probe results also shows that some of the 
corrosion rate changes measured by linear polarization resistance method 
could also be detected as small changes and deviations in the slope of the 
inductive resistance probe data.

The inductive resistance probe, however, has some limitations. For 
example, because it relies on changes in the magnetic permeability of the 
sensing element as corrosion occurs, only highly magnetic materials can be 
used. Thus, carbon steel (and other ferritic steels) can be used, however 
non-magnetic materials cannot and weakly magnetic materials may not 
work as well. As a result, monitoring systems constructed from aluminum, 
copper and nickel alloys as well as austenitic stainless steels will not be 
possible with this probe system. For comparison purposes, the magnetic 
permeability of aluminum and copper are relatively similar and are only 
0.1% of the value of steel. Other reported limitations with the inductive 
resistance probe include a short probe life, and the infl uence of mechanical 
stresses on magnetic properties resulting in erroneous readings.
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CEION®, produced and marketed by Cormon Ltd (UK) is also supposed 
to be based on an ER probe type concept. The probe, which appears to be 
in the form of a spiral ring embedded in epoxy, has been used in a wide 
range of oil fi eld applications and has been shown to provide reasonable 
agreement with corrosion rate measurements found using other methods 
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11.10 Comparison of standard ER probe to linear polarization 
resistance under the same conditions as shown in Fig. 11.9.
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(Fig. 11.12). Though this technology appears promising and seems to be 
based in some fashion on ER principles, the precise functionality and back-
ground of the method are unclear. Based on what is available in company 
provided information, the resistance of the element is apparently deter-
mined using alternating current methods rather than direct current. It has 
also been claimed that the resolution of the probe and its associated elec-
tronics is on the order of 1 nm (Hemblade et al., 1999; Brown et al., 2000). 
Others who report using ER probes that appear to be similar report resolu-
tions that are sub-µm (Ridd et al., 1998). Because of the limited amount of 
independent information available and the lack of details concerning the 
operating principles, it is diffi cult to determine the accuracy of these claims.

11.5.2 Field signature method

A slightly different variation on the ER probe concept is the use and appli-
cation of the same operating principles but applied to the entire structure 
of interest. The Field Signature Method (FSM), developed by the University 
of Oslo in Norway in the mid-1980s and presently marketed by CorrOcean, 
is capable of detecting metal loss and other defects by observing the changes 
induced in the way that current fl ows through the structure. To accomplish 
this, a series of pins are attached to the structure in an array spaced at 
approximately two to three times the wall thickness. When a current is 
applied to the structure, the current fl ow and resultant potential drop due 
to the metal’s resistance are measured. When corrosion occurs, this resis-
tance between a given set of sensing pins will increase (similar to an ER 
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probe) and the potential drop across that region will also increase. When 
the original potential distribution ‘signature’ is compared to subsequent 
readings, the effects of corrosion can be determined. This method has a 
nominal sensitivity reported to be in the order of 0.1% of the wall thickness 
and has the signifi cant advantage of monitoring the actual component. That 
is, instead of monitoring a sensing element, the structure in question is itself 
the sensing element. The other advantage of FSM is that it is non-intrusive, 
which is an important aspect for application in internal corrosion monitor-
ing, especially if the system is pressurized.

FSM has been widely used for monitoring corrosion in subsea pipelines, 
onshore pipelines, in gas plants, and in the refi nery industry. Strommen 
(2002) described the results of a seven year internal corrosion monitoring 
program using FSM on subsea pipelines. A comparison of the FSM response 
as compared to independent corrosion rate measurements in the well fl uids 
showed excellent agreement (0.11 mm/y by FSM compared to 0.12 mm/y). 
Scanlan et al. (2003) used the FSM technique to monitor for possible cor-
rosion at a series of locations within a refi nery and noted that the method 
could provide a three-dimensional image of metal loss at bends and elbows 
and could distinguish between pitting and general corrosion.

11.6 Advantages and limitations

ER probes are often chosen due to their relatively simple operation, low 
cost, and ease of operation and interpretation. Because the ER probe 
method does not rely on electrochemistry, it can be used in nearly any 
condition including atmospheric and high resistivity environments where 
electrochemistry-based monitoring tools often experience diffi culties or 
cannot be used. In addition, ER probes can be connected to a cathodic 
protection system which then enables the monitoring of structures that 
utilize CP for corrosion mitigation.

ER probes, however, do have some limitations. First, the sensitivity of 
the ER technique is generally too low to show rapid changes in corrosion 
conditions. As shown in Fig. 11.4 if a corrosion rate on the order of 1 mpy 
(25 µm/yr) is expected the response time for detecting that rate is between 
one and ten days. On the other hand, if the expected corrosion rate is 
100 mpy (2.5 µm/yr) the response time is signifi cantly diminished to a matter 
of less than a few hours. Increased sensitivity can be achieved using thinner/
smaller elements but this comes at the sacrifi ce of probe life.

Limitations also arise when corrosion mechanisms other than uniform, 
general corrosion are expected or encountered. The reduction in the cross-
sectional area that results in an increase in probe resistance is assumed to 
be uniform. Depending on the probe size and geometry, the presence of a 
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pit or stress corrosion cracking (SCC) may or may not be detected since 
the reduction in the cross-sectional area associated with a pit or a crack can 
be quite small.

Additional limitations arise when the possibility of conductive corrosion 
products or scales are precipitated on the probe. For example, sulfi de envi-
ronments are particularly diffi cult to interpret using ER probes because the 
iron sulfi de corrosion product that forms is conductive which will tend to 
underestimate the amount of metal loss experienced. Iron sulfi de precipita-
tion has been heavy enough in some cases to indicate that metal gain had 
taken place. This type of response, then, somewhat limits the applicability 
of ER probes in sour oil and gas systems.

11.7 Summary and conclusions

ER probes have been in use since the mid-1950s and provide a valuable 
tool for the corrosion engineer. They are easy to use, interpret, and can 
provide highly valuable information regarding the propensity for a system 
to experience corrosion. Improvements and modifi cations have also been 
developed that help enhance the sensitivity and responsiveness of the 
overall ER probe concept.
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12
Nondestructive evaluation technologies for 

monitoring corrosion

G. L I G H T, Southwest Research Institute, San Antonio, Texas, USA

12.1 Introduction

Corrosion begins and increases over time and, in most cases, is hidden 
from view either inside a component such as a pipe or under a 
surface covering such as thermal insulation or concrete. Unfortunately, 
corrosion does not grow predictably. The present practice is to esti-
mate a period of time over which corrosion will not cause a cata-
strophic failure and conduct an inspection to measure remaining wall 
thickness at specifi c intervals. This is usually done by marking certain 
areas on the component and attempting to collect data at the same 
location each time so that any changes in the component wall can 
be detected. This approach sounds like a logical one, but many times 
data are collected at specifi c spatial locations – for example, on 50-
mm centers. There is no guarantee that the corrosion effect is occur-
ring at one of the sites where data are collected. In fact, there can 
be a situation where a throughwall corrosion pit can grow next to 
a region that is being periodically inspected and the defect never 
detected. So this type of process has uncertainties and can lead to 
unexpected failure.

In addition, corrosion can occur on the inside or outside. The product 
fl ow or product process may lead to corrosion on the inside of the pipe or 
component. Other times, the corrosion is caused by the environment. For 
example, corrosion on the outside surface of a pipe under the insulation is 
caused by the moisture condensed between the outside surface of the pipe 
and the insulation.

A better way to determine the amount and severity of damage being 
caused by corrosion is to use sensor systems that can remain in place to 
monitor a component while the process that causes corrosion is ongoing. 
This process is called ‘condition monitoring’. This monitoring can be either 
active or passive.

293
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12.2 NDE methods for corrosion monitoring

There are a number of nondestructive evaluation (NDE) methods that can 
be used to monitor the condition of a component for defects such as cor-
rosion. These include ultrasonics, eddy current, acoustic emission, guided 
waves, and infrared thermography. In the following sections, typical applica-
tions of these techniques and limitations are discussed, including probes, 
electronics and software.

For condition monitoring programs, it is necessary to establish the base-
line condition of any component or installation. This may be done at any 
time, but should preferably be implemented directly after construction. In 
an early stage, one should consider using a type of inspection that may be 
applied in an equal fashion in a later stage during service. Periodic condition 
assessment allows trending and prediction of the remaining mean-time-to-
failure (MTTF). Operational lifetime extension may be agreed upon with 
authorities, and increased plant availability is the result.1 Lifetime calcula-
tion models may predict the remaining service time of any asset. These 
calculations require input data provided by the asset’s history and available 
nondestructive testing (NDT) data. The outcome can be only as reliable as 
the input. High probability of detection (POD) is required to ensure reli-
able operation until the next shutdown, and a low false call rate (FCR) is 
desirable to avoid unnecessary maintenance work. Accurate and highly 
reliable data result in a reliable prediction of the remaining service time.

The number and methods of inspection are always a trade-off between 
the minimum requirements for safe operation and the amount of informa-
tion needed for optimum maintenance management. In a baseline inspec-
tion, it is important to establish, as accurately as possible, the zero condition 
of the component. It is often good to use several complementary techniques, 
but one should defi nitely be the technique that will be used to monitor the 
equipment. For example, if ultrasonics is the method to be used for monitor-
ing a region, the baseline condition might be obtained using radiography 
as well as ultrasonics. Care should be taken to precisely establish coordinate 
systems used for the component and to precisely mark and notate any 
anomalies that are found.

12.2.1 Ultrasonic monitoring technologies

Ultrasonic monitoring for corrosion/erosion and general wall thinning pro-
cesses can be conducted by collecting periodic 0-degree L-wave wall thick-
ness measurements using individual probes, a single probe that is scanned, 
or an array of probes. Ultrasonic corrosion mapping can provide quantita-
tive information on corrosion of vessel plate and welds, and even the condi-
tion of certain internal coatings, and is an invaluable and widely used tool. 
Ultrasonic thickness is based on the time required for the ultrasonic pulse 
to travel from the front surface of the component to the back and return, 
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based on the known ultrasonic velocity in the component. The limitations 
of the method are the maximum temperature at which inspection may be 
carried out, usually lower than approximately 94 °C unless methods for 
keeping the ultrasonic sensor cool and maintaining fresh and effective 
couplant are part of the process.2 One approach is to have a constant supply 
of couplant applied to the probes, but this could also lead to variations in 
coupling effi ciency. However, the thickness measurement is primarily a time 
measurement, not an amplitude measurement. In addition, coatings on the 
probe surface can attenuate the ultrasonic energy going into the part. This 
is especially true if the coating is thick and possibly delaminated. Also, if 
the corrosion occurs on the front surface, the ultrasonic beam is scattered 
by the front surface corrosion, making this approach ineffective. Thus, ultra-
sonics should primarily be used when the corrosion process is on the inside 
surface of the component being monitored. Ultrasonic weld monitoring can 
be done as well, using fi xed probes or arrays for shear wave and/or time-
of-fl ight diffraction (TOFD) data to detect weld cracking. Again, the primary 
limitations of these techniques include providing suffi cient long-term cou-
plant as well as access and temperature.1

One example of a corrosion monitoring system that uses a 0-degree lon-
gitudinal mode thickness measurement transducer to measure wall thick-
ness over a period of time under a transducer that is clamped in place is 
the MIST UT Monitor developed by CC Technologies, located in Dublin, 
Ohio, USA. The device is fairly simple but requires that the exact location 
be known where monitoring is required. This is best used when an inspec-
tion reveals a corrosion pit or defect that is at an acceptable level but is 
expected to grow. The MIST UT Monitor can be clamped onto the pipe or 
component at that location and ultrasonic thickness measurements col-
lected periodically.

More complex units have also been developed because recent develop-
ments in the fi elds of electronics, computer systems, and communication 
technology have enabled the use of new concepts for inspection and moni-
toring. One such development is the ULTRAMONIT system developed by 
Cole and Gautrey,2 where an array of 0-degree ultrasonic sensors is placed 
permanently onto the pipe. The location of the sensor array is usually at a 
fi eld joint directly at or close to a weld so that the array can monitor for 
wall thinning corrosion and cracks. Permanently installed sensors are advan-
tageous because exact position, orientation, and acoustic coupling are main-
tained between surveys. Compared to conventional ultrasonic inspection, 
this concept provides signifi cantly improved possibilities for high-resolution 
data trend analysis. This technology has been applied for both subsea and 
land facility use.

In the subsea embodiment, the array of 0-degree transducers is imple-
mented as an instrumented pipeline clamp, where the required electronics 
and sensors are placed and protected in a rugged steel structure as 
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illustrated in Fig. 12.1.3 Reliability was a key objective for this system and 
has been addressed by keeping the permanently installed electronics as 
simple as possible, while making the more complicated parts of the instru-
mentation accessible in a remotely operated vehicle (ROV)-carried unit. 
This ROV is used for interrogation with the sensors by the use of a specially 
developed inductive coupler, which provides power, analog signal for the 
ultrasonic transducers, and digital communication for the signal multiplexer. 
This unit is controlled digitally, and the number of channels is limited only 
by signal degradation due to total spanned length of analog cable, as the 
channel count gets very high. For the land facility version, the same system 
has been installed on a 30-cm pipe at the Kårstø gas processing plant 
located near Stavanger, Norway. This unit has run since December 2003.

It is important to understand that application of this technology is very 
localized and requires that the location of corrosion attack be known so the 
sensors can be placed in that area to effectively monitor for potential 
corrosion failure. If the corrosion begins to affect other parts of the com-
ponent where the sensor is not located, corrosion could go undetected.

12.2.2 Eddy current

Eddy current inspection can also be a very useful method for monitoring 
external corrosion in components by measuring the liftoff between the 
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12.1 Illustration of the ULTRAMONIT array system used on subsea 
pipe applications with subsea sensor clamp, inductive coupler, and 
main instrumentation subsea housing that contains the ultrasonic 
instrument and multiplexer (MUX).
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component nominal surface and the surface of the pit on the metal. This 
requires either a localized scanning method or an array of probes. An 
example of an eddy current array is the conformal array shown in Fig 12.2. 
The array is fl exible; however, to effectively use this to monitor, a means to 
locate the array precisely each time is needed.4 Temperature and access to 
the surface are the main limitations of eddy current.

Pulsed eddy current can operate without having close proximity to the 
surface. A pulsed eddy-current technique that uses a stepped or pulsed 
input signal for the detection of corrosion under insulation (CUI) has been 
evaluated. This allows the detection of wall-thinning areas in various types 
of pipe, including riser pipe, without removing the outside coatings. In addi-
tion, it is found that fi lmless, realtime, and digital radiography can be used 
to fi nd internal and external corrosion defects in an insulated splash zone 
while the riser remains in service. A survey of NDE manufacturing compa-
nies, NDE inspection companies, and operating companies was completed 
to collect information about current instrumentation and inspection/opera-
tors’ experience for riser inspection. Examples of advanced riser inspection 
instrumentation and fi eld results were included. The ability of the candidate 
technologies to be adapted to riser variations, the stage of standardization, 

and costs were also discussed.
Pulsed eddy current equipment has been successfully applied in cor-

rosion detection for several years. Whereas fi eld experience on insulated 
objects has grown signifi cantly, the technique’s characteristics also make 
it highly suitable for other fi eld situations where the object surface is 
rough or inaccessible. Because (surface) preparations can be avoided, 
the tool provides a fast, cost-effective solution for corrosion detection.

Röntgen Technische Dienst (RTD) developed a pulsed eddy current tool 
(called the RTD-INCOTEST) that has been used by the refi nery industry 
for the detection of corrosion under insulation (CUI). It allows the detec-
tion of wall thinning areas without insulation removal. However, this is a 

Eddy current coil pit
depth measurement

12.2 Photograph of the conformable array on top of a pipe monitoring 
the pit depth.
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point measurement. Currently, a network of 12 companies worldwide 
operate a total of 32 systems. RTD-INCOTEST applies pulsed eddy cur-
rents for the detection of corrosion areas. A pulsed eddy current technique 
uses a stepped or pulsed input signal, whereas conventional eddy currents 
use a continuous signal. The advantages of the pulsed eddy current tech-
nique are its larger penetration depth, relative insensitivity to liftoff, and 
the possibility to obtain a quantitative measurement result for wall thick-
ness. This leads to the characteristic that makes it suitable for the detection 
of CUI: no direct surface contact between the probe and the object is neces-
sary. Also, this tool can be employed in other fi eld situations where the 
object surface is rough or inaccessible.

The applied operating principle of pulsed eddy current systems can vary 
from system to system. In order to obtain a quantitative reading for wall 
thickness, the RTD-INCOTEST uses a patented algorithm5 that relates the 
diffusive behavior in time to the material properties and the wall thickness. 
It operates on low alloy carbon steel, as illustrated in Fig. 12.3.

A pulsed magnetic fi eld is sent by the probe coil. This penetrates through 
any nonmagnetic material between the probe and the object under inspec-
tion (e.g. insulation material). The varying magnetic fi eld will induce eddy 
currents on the surface of the object. The diffusive behavior of these eddy 
currents is related to the material properties and wall thickness of the object.

The detected eddy current signal is processed and compared to a refer-
ence signal. The material properties are eliminated, and a reading for the 
average wall thickness within the magnetic fi eld area results. One reading 
takes a couple of seconds. The signal is logged and can be retrieved for later 
comparison in a monitoring approach. An example of the RTD-INCOTEST 
data output is shown in Fig. 12.4.

The area over which a measurement is taken is referred to as the foot-
print. Probe design is such that the magnetic fi eld focuses on an area on the 
surface of the object. The result of the measurement is a reading of the 
average wall thickness (AWT) over this footprint area. The size of this area 
is dependent on the insulation and object thickness, as well as the probe 
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12.3 Principle of operation RTD-INCOTEST.
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design. Roughly, the footprint can be considered to be in the order of the 
insulation thickness. Due to the averaging effect, detection of highly local-
ized defect types like pitting is not reliable with this tool. Although the AWT 
reading is not a direct replacement of the commonly used ultrasonic testing 
(UT)-obtained minimum wall thickness, a quantitative result is obtained 
that can be interpreted unambiguously.

The outer application ranges of the RTD-INCOTEST tool can be 
described by:

• Low alloy carbon steel
• Pipe diameter >50 mm or 2 inches
• Nominal wall thickness between 6 and 65 mm
• Insulation thickness ≤150 mm
• Sheeting thickness ≤1 mm stainless steel, aluminum, galvanized steel
• Object temperature >−100 °C to <+500 °C

These ranges are determined on condition that a reliable signal can be 
obtained under regular fi eld conditions.

12.2.3 Acoustic emission and equipment

Acoustic emission (AE) is a passive NDE technique that makes use of the 
high-frequency acoustic energy emitted by an object that is undergoing 
stress, such as when corrosion products formed on a corroding rebar push 
out on the concrete surrounding it. The primary advantage AE offers over 

12.4 Display of RTD-INCOTEST showing AWT (Average Wall 
Thickness) reading (top left), logged inspection grid (bottom left) and 
the decay of the eddy currents (bottom right).
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more conventional NDE techniques is that it results directly from the 
process of fl aw growth. Slow crack growth in ductile materials produces few 
AE events, whereas rapid crack growth in brittle materials produces large 
numbers of AE events.6–17

Acoustic emission can also be created as a result of corrosion-induced 
phenomena. In concrete, for example, corrosion can produce cracking that 
generates acoustic emissions. In stainless steel, primary AE was produced 
by the falling-off of grains due to the mutual actions of anodic dissolution 
and mechanical fracture along a chromium-depleted zone in the grain 
boundary, and secondary AE was produced by hydrogen gas evolution and 
by the cracking of corrosion products.6 AE is able to test/monitor 100% of 
a structure using relatively few stationary sensors mounted to the structure. 
AE techniques are primarily sensitive to active defects caused by stress. AE 
may also be generated by cracking of corrosion products. Unlike most 
methods, there is no probe temperature limitation with AE, as sensors may 
be coupled through metal acoustic waveguides welded to the plant, the 
sensor being outside the insulation.

This technology has been used for detection of corrosion in steel rebar 
encapsulated in concrete on bridges. AE monitoring of concrete was used 
to detect rebar corrosion, fi lm cracking, gas evolution and microcracking. 
Although attenuation of the AE signal in the concrete was a concern in the 
past, unique placement of the AE transducers on the reinforcing steel and 
using the steel as the sound propagation medium allowed the onset of steel 
corrosion to be detected. In addition, it was possible to use the AE signal 
to calculate the location where the steel corrosion was occurring, allowing 
bridge inspectors to determine the extent of corrosion damage. Thus, AE 
monitoring appears to be a promising technique that can be used for bridge 
inspection to quantify the condition of steel-reinforced concrete, where 
corrosion is occurring, and where repair is needed.

A typical AE monitoring system uses piezoelectric sensors acoustically 
coupled to the test object with a suitable acoustic coupling medium (grease 
or adhesive). The output of the sensors is amplifi ed and fi ltered by pream-
plifi ers and then fed to the monitor via shielded coaxial cables. The monitor 
further fi lters and amplifi es the AE signals, processes the data, and displays 
the results. Both results and raw data are typically recorded for archival 
purposes or for post-test analysis; for instance, to determine location of the 
AE signal.

The disadvantage of AE is that commercial AE systems can only estimate 
qualitatively how much damage is in the material and approximately how 
long the components will last, so other NDE methods are still needed to 
do more thorough examinations and provide quantitative results. Service 
environments are generally very noisy, and the AE signals are usually very 
weak. Thus, signal discrimination and noise reduction are very diffi cult, yet 
extremely important for successful AE applications.
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12.2.4 Guided waves and equipment

One of the fastest growing techniques for monitoring corrosion is the use 
of long-range ultrasonics, primarily using guided waves. Guided waves refer 
to mechanical (or elastic) waves in ultrasonic and sonic frequencies that 
propagate in a bounded medium (pipe, plate, rod, etc.) parallel to the plane 
of its boundary. The wave is termed ‘guided’ because it travels along the 
medium guided by the geometric boundaries of the medium.

Since the wave is guided by the geometric boundaries of the medium, 
the geometry has a strong infl uence on the behavior of the wave.18–20 In 
contrast to ultrasonic waves used in conventional ultrasonic inspections 
that propagate with a constant velocity, the velocity of the guided waves 
varies signifi cantly with wave frequency and geometry of the medium. In 
addition, at a given wave frequency, the guided waves can propagate in 
different wave modes and orders.

The properties of guided waves and examples of their dispersion curves 
(which refer to the relationship between the velocity and the wave frequen-
cies) are given in Figs. 12.5 and 12.6 for pipe and plate geometries, respec-
tively. In pipe, the guided waves exist in three different wave modes: 
longitudinal (L), torsional (T), and fl exural (F). In plate, they exist in two 
different wave modes: longitudinal that is generally called ‘Lamb’ waves 
and exists in symmetric (S) and antisymmetric (A) modes; and shear hori-
zontal (SH).
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12.5 Examples of dispersion waves of various guided wave modes in 
pipe (for 114-mm-OD, 8.6-mm-thick pipe). The numbers in parentheses 
indicate the order of the wave mode.
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12.6 Example of dispersion curves of various guided wave modes in 
plate (for 6.35-mm-thick plate). The numbers after the letter (0 and 1) 
indicate the order of the wave mode.

Although the properties of guided waves are complex, with judicious 
selection and proper control of wave mode and frequency, the guided waves 
can be used to achieve 100% volumetric inspection of a large area of a 
structure from a single sensor location.

Guided waves can be developed at a single location on a component and 
then travel long distances from the source point to monitor the condition 
of that component. The guided wave fi lls the entire volume of the compo-
nent, and any change in cross-section of the component, such as a weld or 
corrosion/erosion, usually refl ects or scatters the guided wave so that the 
change in cross-section is detected. Depending on frequency and material 
conditions, guided waves can travel as far as 150 m or more from one source, 
and defects such as corrosion scatter back the guided waves, thus giving an 
indication of corrosion locations.

There are two types of guided wave systems based on the physics of 
generating the guided waves. One type uses a large number of piezoelectric 
transducers that are pressure coupled to the pipe. This technology was 
developed and distributed by Guided Wave Ultrasonics Limited21 and 
requires a mechanical fi xture to squeeze the transducers onto a pipe. This 
fi xture can be expensive and can only be used on cylindrical-type geome-
tries such as pipe. The defect detection sensitivity is estimated to be 5 to 
10% of the pipe cross-section.

The other type uses a thin ferromagnetic strip (approximately 0.15 mm) 
that has a high magnetostrictive property and is bonded to the pipe21–28 
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and is referred to as magnetostrictive sensor (MsS) technology. The fer-
romagnetic strip and excitation coil are relatively inexpensive and can be 
used on piping, plate, bar and a wide range of geometries. However, time 
for bonding the ferromagnetic strip onto the geometry is required.

Generally speaking, the MsS approach can be used as an inspection mode 
to detect defects on the order of 3 to 5% of the component cross-section, 
but if the sensor can be left in place for long periods of time (most feasible 
with the ferromagnetic strip concept) and data are collected at various 
times during its life, defects as small as 0.5% can be detected. However, 
guided waves tend to be poor at quantifying the corrosion and should really 
be used as more of a screening and locating tool.

The piezoelectric sensor system is limited in temperature applications of 
70 °C to 120 °C. The MsS technology has been used on components ranging 
from approximately −150 °C to 300 °C.

Guided waves have been used to inspect various types of pipeline, on 
land as well as offshore. An example of an offshore application is the inspec-
tion of risers. Offshore pipeline failure statistics have been collected for 
more than 30 years and illustrate that the riser predominantly fails as a 
result of corrosion. The consistent wetting and drying in the splash zone, 
combined with defects in the coatings, are the usual contributors to the 
problem. A guided wave approach using torsional waves can be deployed 
to detect signifi cant reduction in wall thickness. This allows the detection of 
wall-thinning areas in the riser without removing the outside coatings. For 
detecting and monitoring corrosion under insulation, the MsS can be placed 
on a pipe with many welded sections as shown in Fig. 12.7, with the data 
shown in Fig. 12.8. The directionality of the guided wave from the MsS is 
controlled so the wave can be transmitted to the right of the sensor or to 
the left.

Presently, the MsS technology uses the T-wave mode primarily for piping 
inspection that is generated and detected with the thin ferromagnetic 

Weld Weld

Water inlet 13.4 m

Flange

13.4 m 13.4 m
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elbow
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12.7 Illustration of MsS guided wave sensor attached to pipe.
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12.8 Illustration of guided wave data collected by MsS system. The 
top waveform directed to right of the MsS sensor shown in 12.7 
and the lower waveform is directed to the left of the MsS sensor 
shown in 12.7.

(typically nickel) layer approach. Reasons for this practice include: (1) the 
fundamental T-wave mode is not dispersive and, therefore, no consideration 
is necessary for possible dispersion effects that exist in the L-wave mode; 
(2) the T-wave MsS has fewer effects than other extraneous wave modes 
and, therefore, it gives better signal-to-noise ratio and its data are easier to 
analyze; (3) the T-wave does not interact with liquid inside the pipe and, 
therefore, is far superior to the L-wave24 for inspection of liquid-fi lled pipes; 
and (4) the T-wave MsS does not require heavy bias magnets and, therefore, 
is much easier and safer to handle than the L-wave counterpart. The disad-
vantage of the T-wave MsS is the requirement for direct physical access to 
the pipe surface for bonding of the thin ferromagnetic layer. Therefore, to 
apply the T-mode MsS for bitumen-coated piping, for example, the coating 
must be removed beforehand, whereas the L-mode MsS can be applied 
without removing the coating. However, the advantage of the T-mode MsS 
greatly outweighs the disadvantage and, consequently, the T-mode MsS is 
used primarily for long-range piping inspection.

Table 12.1 summarizes the capabilities and limitations of the present 
guided wave technology for long-range piping inspection in bare pipes. The 
effects of pipeline geometric features and other conditions such as coating 
and liquid inside pipe on the inspection capabilities are also summarized in 
Table 12.2.
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Corrosion monitoring on other components, such as plate, has been dem-
onstrated in the laboratory using MsS technology. For this application, the 
ferromagnetic sensor (Fig. 12.9) is permanently bonded to the surface of 
the structure with appropriate adhesive, such as epoxy, and then magneti-
cally conditioned. The coil is used to generate a guided wave in the ferro-
magnetic strip and also to receive any guided waves scattered from defects. 
Because the sensor is fi xed to the surface, the data collected periodically 
can be carefully compared to the baseline data established at the time of 
sensor installation. This allows trending of the structural condition changes 
as a function of time. An effective determination of damage and its location 
can be obtained through the monitoring mode and used in a suitable struc-
tural management decision code.

An example application is on aircraft structures such as fuselage and wing 
skins that are assembled with fasteners. Corrosion and cracking that occur 
around and under fasteners are major concerns for assuring structural 

Table 12.1 Capabilities and limitations of guided wave systems for pipe 
inspection

Item Capabilities/limitations

Spatial resolution 3 to 7 inches (7.5 to 17.8 cm), depending on frequency
 and mode

Pipe material Any material
Pipe size Up to 60 in. (152 cm) diameter for MsS technology,

 approximately 32 in. (81.3 cm) for piezoelectric
 system and less than 0.75 in. (19 mm) wall thickness

Inspection range 100 ft (30 m) or greater, depending on coating and for
 aboveground piping

Detectable defect type Isolated corrosion pits and circumferential cracks
Minimum detectable
 defect size

2 to 5% of pipewall cross section

Defect location Axial location within ±2 in. (5 cm), depending on
 operational frequency and mode

Defect characterization Limited to rough estimation of circumferential 
 cross-section

Long term monitoring Only with MsS system because cost of MsS sensors 
 are much less than piezoelectric sensor belt

Coil

Ferromagnetic strip

To MsS
Instrument

12.9 Illustration of the fl at MsS guided-wave probe for structural 
health monitoring. The coil is placed directly on the nickel layer.
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safety of the aircraft. Because of the complicated geometry of the fastened 
structure and the large number of fasteners, inspection of such structures is 
time consuming and diffi cult. Cost-effective and economical maintenance 
of fastened aircraft structures could be achieved by applying a suitable 
structural integrity monitoring (SIM) method.

An example of this application is shown in Fig. 12.10 for an aluminum 
test panel that was a 1/4 in. thick (6.3 mm), 3 × 4 ft (0.9 m × 1.2 m) aluminum 

Table 12.2 Effects of pipeline geometric features and other conditions on 
inspection capabilities

Features/conditions Effects

Flange/valve Prevents wave propagation; forms end point of 
 inspection range

Tee Causes a large disruption in wave propagation and 
 limits inspection range up to that point

Elbow Causes a large disruption in wave propagation and 
 limits inspection range no farther than the elbow 
 region

Bend Has negligible effect if the bend radius is greater 
 than three times the pipe OD; if the bend radius 
 is less than the above, behaves like an elbow

Side branch Causes a wave refl ection and thus produces a 
 signal; no signifi cant effects on inspection 
 capabilities

Clamp Causes a wave refl ection and thus produces a 
 signal; no signifi cant effects on inspection 
 capabilities

Weld attachment Causes a wave refl ection and thus produces a 
 signal; if the attachment is large (such as pipe 
 shoes), can reduce inspection range

Paint Has negligible effects
Insulation Has no effects unless the insulation is bonded to 

 the pipe surface, in which case the inspection 
 range will be shortened due to higher wave 
 attenuation

Coating Has negligible effects if the coating is thin (e.g. 
 fusion-bonded epoxy coating); thicker coating 
 (e.g. bituminous coating, polyethylene coating) 
 increases wave attenuation and shortens 
 inspection range

Liquid in pipe No effect on torsional-wave; signifi cant 
 degradation on longitudinal-wave

General surface corrosion Increases wave attenuation and shortens 
 inspection range

Soil If pipe is buried, the surrounding soil greatly 
 increases wave attenuation, and the inspection 
 range is signifi cantly shortened
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plate and had a large number of 1/4 in. (6.3 mm) diameter tapered fastener 
holes along two edges of the plate. The center of each hole was located at 
approximately 1 inch (25.4 mm) from the edge of the plate, and the distance 
between the centers of the adjacent holes was approximately 3 in. (76.2 mm). 
As the simulated corrosion was increased from approximately 0.05 in. 
(1.3 mm) on the side to 0.2 in. (5 mm) on the side, the monitoring showed 
that the changes in the corrosion could be detected and monitored, as illus-
trated in the data shown in Fig. 12.11.

12.2.5 Infrared thermography

Infrared thermography is an NDE tool that images a range of the infrared 
spectrum given off by a component that is heated. The imaging technology 
is most useful to detect thermal radiation differences in a component. For 
example, in the case where a component might have wall thickness changes 
caused by corrosion or erosion, discontinuities in solid materials can change 
the heat fl ow condition, which can result in the fl uctuation of the tempera-
ture on the surface of the materials. Both infrared testing and thermal image 
testing use this principle to measure the change of the surface temperature 
and then to deduce the discontinuity condition in the materials. Care must 
be taken to properly register images that are periodically collected. This 
technology has been applied to high-temperature and high-pressure pipe-
lines used in petrochemical plants and power stations. Infrared thermogra-
phy techniques have advantages over some other NDE technologies because 
a full-fi eld image is obtained very quickly and there is no harmful radiation 
required and no contact with the part under inspection.

In the aspect of NDT for industrial equipment, infrared thermography 
testing is applied to operation condition monitoring of electrical equipment, 
power plant machinery, and high-temperature equipment.29–38 Though 

MsS probe

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fastener holes Plate end

12.10 Confi guration of test panel and laboratory MsS probe and 
photograph of fastener hole showing simulated corrosion.
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metals have very high thermal conductivity and detection of wall loss 
defects for steel pipes by use of infrared thermography has been diffi cult, 
this work has shown that wall thinning can be detected. An example of this 
was the work by Shen29 in which a series of infrared thermography experi-
ments were performed for four kinds of stainless steel and carbon steel 
pipes during heating and cooling. The pipes had different size holes drilled 
on inner surfaces. The experiments were performed using the TVS-2100 
Thermal Video System. The infrared camera head of this system is an opti-
cally mechanical scanning type. The detector is InSb with 10 × 10 cell arrays. 
The detecting wavelength is about 3 to 5.4 µm. The operating range of tem-
perature is about −40 ºC to 950 °C. The minimum detecting temperature 
difference is 0.1 °C at 30 °C, and the sensitivity is 0.01 °C. The fi eld of view 
is 10° (V) = × 15° (H). The fi eld resolution is 2.2 mrad. The images were 
taken at 30 frames per second. For the test, steam at a temperature of 150 °C 
was passed through the pipe to heat from normal temperature. The thermal 
images of the defects obtained are shown in Fig. 12.12.

This work showed that thermography can be used to detect and monitor 
corrosion if a thermal gradient can be observed. In many cases, the compo-
nents being monitored are at a thermal equilibrium, and for these cases, 
thermography may not be the best approach. However, under the condi-
tions of thermal gradient, the technique is sensitive to small defects. Fur-
thermore, a number of factors affect the potential capability of thermography 
such as:
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12.11 Monitoring data showing the defect signal increasing as the 
simulated corrosion increases from no corrosion to 0.2 in. by 0.2 in. 
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1.  The thermal conductivity of materials is a key factor affecting the sensi-
tivity of infrared thermography. The lower the thermal conductivity, the 
higher the sensitivity and the longer the duration of defects emerging.

2.  The shape and size of defects is another key factor affecting the sensitiv-
ity of infrared thermography. The larger the area of defect, the higher 
the sensitivity of wall loss.

3.  The thickness is also a key factor affecting the sensitivity of infrared 
thermography. The thicker the material, the lower the testing sensitivity, 
but the longer the duration of defects emerging.

12.3 Future trends

The industry will tend to use monitoring technologies that leave the inspec-
tion sensors in place and to retrieve data as required. To achieve this goal, 
monitoring technologies will have to incorporate wireless communication 
technologies so that sensors can be left on a component and be queried 
at an appropriate time by a base control station. This will require that the 
sensors and associated instrumentation be inexpensive yet effective. This 
also will require computerized data acquisition and analysis systems that 
autonomously detect and analyze acquired data and alert the plant opera-
tors when a defect is determined to be growing and possibly heading toward 
ultimate failure. This is, in effect, diagnosis.

Further, the monitoring technology will be required to handle the opera-
tional environment. In most cases, the components that encounter signifi -
cant corrosion issues are operated at temperatures around 150 °C to 650 °C. 
Only a few sensor technologies can continually operate at temperatures 
above 250 °F.

The ultimate trend is to head toward prognosis. This means that the 
monitoring data have been fed into the diagnosis system to determine the 
condition of the component and then the results of the diagnosis put into 
the prognosis system to determine the remaining life of the component 
being inspected. Prognosis will incorporate the present condition of the part 

88.62°C

(b) (Φ15, Φ10) X (20%, 40%, 60%, 80%)

12.12 Infrared image of pipe with simulated corrosion defects.
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determined by the monitoring system with the expected operational condi-
tions that the component will be subjected to and, with the understanding 
of how the material behaves under that operational condition, predict 
remaining life of the component. Work has been reported39–42 primarily in 
high-value components like aircraft rotors and blades. Work41 has been 
completed demonstrating that MsS technology, when used in a thin-fi lm, 
multilayer format, has potential for use in the harsh thermal environments 
encountered in jet engines.

Although more work and more collaboration between sensor and mate-
rial technologies is needed, it appears that the ability to continually monitor 
high-value components during operation will be available in perhaps fi ve 
years. This means that periodic inspection requiring shutdown of a plant 
operation may be a thing of the past.

More information can be obtained primarily from the internet as well as 
the American Society of Nondestructive Testing. The following websites can 
provide additional information: www.swri.org; www.rtd.nl; www.asnt.org; 
www.pacndt.com; www.ewi.org; www.statoil.com; www.ndt.net.

See also Roderic K. Stanley, Patrick O. Moore, and Paul McIntire (eds), 
Nondestructive Testing Handbook, Volume 9, ‘Special Nondestructive Testing 
Methods,’ American Society for Nondestructive Testing, 1995.
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Hydrogen fl ux measurements in 

petrochemical applications

F R A N K  D E A N, Ion Science Ltd., UK

13.1 Introduction

The movement of mobile atomic hydrogen through steel, known as hydro-
gen permeation, is a pre-requirement for most types of hydrogen damage, 
including hydrogen induced cracking (HIC), stress oriented hydrogen 
induced cracking (SOHIC), sulfi de stress cracking (SSC) and disbonding. 
Hydrogen emanating from the external or exit face of a pipe or vessel is 
known as hydrogen fl ux. Flux measurements provide information relating 
to cracking risk, and also to the causes of hydrogen permeation. Specifi -
cally, hydrogen permeation may be caused by the formation of hydrogen 
on a steel surface due to some corrosive process, or dissolution of hydrogen 
into steel at the high temperatures encountered in steel manufacture, 
milling or welding, or due to release of trapped hydrogen in traps in the 
steel upon high temperature excursions, as in hydrogen bakeouts. The 
objective in this chapter is to defi ne the particular circumstances conducive 
to hydrogen permeation through steel, and provide the means to relate 
hydrogen fl ux to hydrogen damage risk, and rate of corrosion, where 
appropriate.

13.2 Scenarios leading to hydrogen permeation 

and detection

The progress of hydrogen to a fl ux detector on the external surface of a 
steel pipe or vessel face involves essential, sequential steps:

1. Active corrosion causing hydrogen to enter steel
2. Suffi cient permeability of hydrogen in steel for fl ux to pass through it
3. Permeability of hydrogen through external surface oxides and coatings
4. Adequate measurement tool, operating and being used correctly

Certain fl ux measurement tools require surface coatings to be removed 
in order to operate correctly. Then, step 4 is critical, and step 3 is not rele-
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vant. For the purposes of this discussion we assume an adequate and cor-
rectly deployed tool (4), which does rely upon spontaneous fl ux exit from 
the steel surface. Hydrogen more freely permeates steel as the temperature 
increases, so conditions for fl ux measurements are nicely defi ned in terms 
of temperature, as shown in Table 13.1.

Table 13.1 shows distinct trends with temperature. At low temperatures 
(less than 100 °C), hydrogen fl ux sources are restricted to a few ‘hydrogen 
promoters’, almost exclusively encountered in petrochemical operations 
upon corrosion of mild steel. At higher temperatures, hydrogen fl ux may 
occur as a consequence of corrosion involving naphthenic acid4–5 or acidic 
salts8 – it does not depend so crucially upon the presence of hydrogen pro-
moters. Molten steel will uptake hydrogen from any hydrogen source. The 
reason for this trend is that the movement of hydrogen through steel is 
more facile as the temperature increases:

(a)  Internal barriers (e.g. corrosive scale) are less prone to prevent hydro-
gen access to the steel surface

(b) the kinetic barrier to hydrogen dissolution is more easily overcome
(c)  the solubility of hydrogen, S, and diffusivity of hydrogen, D, through 

steel increase markedly with temperature of all steels, hence more 
alloys permeate a signifi cant fl ux as temperature increases, step 2, 
Table 13.1

(d)  less hydrogen is retarded or permanently trapped in traps, voids or 
pre-existing blisters as the temperature increases.

Table 13.1 Required conditions for the existence of a hydrogen fl ux in typical 
industrial scenarios. *CP = cathodic protection

Temperature,
°C (A) Hydrogen source

(B) Permeable
alloys

(C) Permeable
coatings

 0 to 120 H2S, amine, NH4HS /
 HCN and HF1,2 corrosion.
 CP.*3 Electroplating.

<5% alloy
 (‘carbon’ or
 ‘mild’ steel)

Most,7 not zinc.

 80 to 200 Severe acid corrosion
 e.g. acetic.

<10% alloy Uncoated.
 Depending on 
 temperature, 
 alloy oxides 
 present a
 partial barrier
 to permeation.

200 to 300 Protonic corrosion, e.g.
 naphthenic acid4–5  .  .  .

<13% alloy

300 to 400 .  .  .  also H from traps in 
 pre-weld H bakeouts6

All non-
 austenitic

400+ H from steam, grease etc.
 in high T steel forming

All steels

From 1540 H in molten steel (e.g. 
 welds, any H source)
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For steel walls of greater than a few millimetres in thickness,9–10 a well 
defi ned corrosion activity at an entry face will generate a steady state fl ux 
through steel inversely proportional to its thickness. Further, the time 
required for hydrogen to establish a steady state steel increases as the 
square of thickness: At 300 °C (750 °F) ½ in. (1.3 cm) thick steel requires 
less than an hour for fl ux to reach 90% of its steady state value following 
a step increase in hydrogen entry at the inside face; 2 in. (5 cm) steel will 
require half a day. At 20 °C (68 °F) the corresponding times are about 
16 h and a week respectively. This time delay precludes the use of fl ux 
measurements on thick (>1 in.) cold (<30 °C) steel, particularly if the inter-
est is in using fl ux to discern hydrogen damage episodes lasting less than 
a day.

13.3 A measurement of hydrogen activity based on 

fl ux measurement

As indicated above, the hydrogen effl ux emanating from steel is infl uenced 
by both temperature and thickness. Thus it is preferable to ‘normalise’ fl ux 
measurements for steel temperature and thickness, to obtain a more uni-
versally comparable parameter indicating HIC risk and corrosive action. It 
is also desirable for this normalised parameter to have some physical 
meaning. The activity of hydrogen in steel, a, is defi ned by a = c/c0, where 
c0 is the solubility of hydrogen in steel in equilibrium with H2 gas at 7 bar. 
Solubility varies with H2 pressure p according to c = c0. p1/2. Thus the hydro-
gen activity a corresponds to an equivalent equilibrium H2 gas pressure of 
a2 bar: because it is dissolved in a solid – it is an equivalent pressure of 
gaseous hydrogen that would dissolve at equilibrium. At the hydrogen entry 
(internal, reaction) face, a0, which drives through wall permeation, is the 
parameter of choice. Physically, a0 is an equivalent hydrogen gas pressure 
which would be in equilibrium with hydrogen concentration at the entry 
face necessary to deliver the measurable fl ux at the exit face. Severe corro-
sion from a hydrogen promoter is studied, for example by Mishael et al.11 
A solution saturated with 1 bar H2S at 20 °C, can generate a0 values exceed-
ing millions of bar hydrogen equivalent (100s GPa). Flux-thickness-tem-
perature conversion to a0 is obtained from the equation Jss = Pa0/w, where 
Jss is the steady state fl ux, P the steel permeablity and w the steel thickness. 
P values are obtained from Grabke and Reicke12 using the McNabb model13 
developed therein. This can be compared with a typical Young’s modulus 
for 200 Gpa steel. Not surprisingly, it is feasible for atomic hydrogen in steel, 
associating within steel defects, to form blisters and cracks. Thus activity a0 

is a direct measure of the crack susceptibility of a corrosion scenario causing 
a hydrogen fl ux.
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Hydrogen activities are shown in Table 13.2 for typical scenarios in 
which hydrogen in mild steel is of critical interest. At present there is 
little reliable hydrogen permeation data available in the literature. 
However, the data from Grabke and Riecke from which the values in 
Table 13.2 are derived is authoritative, and show a few 10s per cent of 
variation of P between low alloy steels. Interestingly, corresponding D 
values vary much more, typically ten-fold. Increased trapping in steels 
causes the solubility S of hydrogen in steel to vary in inverse proportion. 
Permeability P = D.S, so P is fairly invariant. Figure 13.1 provides a 
graphical means by which fl ux and steel thickness may be used to deter-
mine activity a0.

There are several fl ux sensing technologies that have been used in recent 
decades, based on the sensing of the hydrogen located at, or exiting from, 
the steel surface. Figure 13.2 shows kit employing the ‘hydrogen collection 
method’, in which hydrogen is swept up in an air stream from the surface 
of steel, and through a capillary into a remote hydrogen analyser.

Table 13.2 Typical calculated hydrogen activities for a number of scenarios, 
compared with the Young’s modulus or mild steel

Scenario

Typical fl ux
(at typical
temp.)

Activity / bar
hydrogen Comments

15 atm. H2S 7335 (30 °C) 9 100 000 50 cm dia 8.7 mm wall line
 pipe. Mn 1.0. Ni fl ash 
 Dev. Cell14*

NACE TM0284
 (H2S 1 bar, pH 
 2.7 buff.)

2100 (20 °C) 2 500 000 16 mm A516 steel11

0.1 mm/yr sour
 corrosion, <50 °C,
 typical

 120 (20 °C) 6 500 Probably dependent on
 scale type. Caution
 co-corrodants

MRO175 ‘sour’
 threshold
 (>0.03 bar)

 80 (20 °C) 2 200 Based on NACE MR0175
 defi nition of sour
 service,15 without low-
 pressure cut-offs

1 ppm H in ferritic
 steel, deemed to
 require PWHT

– 40 000 Assumes S = 5 ppb at
 ambient temperature

0.1 mm/yr nap. acid
 corrosion, typical

200 (250 °C) 0.5 Limited data

Ferritic steel Young’s
 modulus, typical

– 2 000 000 =200 GPa

*Devanathan cell, PWHT – postweld heat treatment.
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13.1 Plot fl ux-thickness versus mild steel temperature which can be 
used to estimate hydrogen activity.

13.2 A commercial hydrogen fl ux probe (Hydrosteel® 6000, AT-S, Ion 
Science Ltd, UK). An analyser is attached to the central capillary and 
air drawn through it as described in the text. The probe, about 6 in. 
(15 cm) diameter, is fl exible and can tolerate steel temperatures to at 
least 500 °C. Photograph courtesy Ion Science Ltd, UK.
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13.4 Comments pertaining to particular fl ux 

measurement applications

13.4.1 Using fl ux to assess hydrogen damage risk

Hydrogen damage is never acceptable and rarely anticipated. The strategy 
is generally to prevent hydrogen damage, as its occurrence is sometimes 
catastrophic. It is usually associated with severe sour corrosion. Field appli-
cations of fl ux monitors in the assessment of crack risk are therefore chiefl y 
confi ned to monitoring equipment with a chronic history of unremediable 
hydrogen damage, and to determining the effectiveness of process or cor-
rosion control measures intended to mitigate that damage. Laboratory mea-
surements of fl ux are extremely valuable in assessing hydrogen damage risk 
and its remediation.

There is a substantial literature on critical concentrations, ccrit, at which 
hydrogen causes steel cracking. The variance of solubility of hydrogen in 
steel, S, discussed above, as well as the common method of using thin 
membranes in Devanathan cells to derive the data (from steady state fl ux 
and inferred values of D from fl ux transients) prevent confi dent compari-
sons between ccrit values. A critical hydrogen activity at which steel cracks, 
acrit, is much to be preferred as a ‘stand alone’ measure of crack suscep-
tibility. Using Fig. 13.1 to obtain activity from fl ux, thickness and tem-
perature, 106 bar is considered suffi cient activity to initiate damage in 
crack susceptible steels; 104 bar is a risk to poor steels.

However, it should be remembered that the activity conversion assumes 
steady state hydrogen diffusion through the steel; damage can occur before 
an appreciable fl ux exits a steel. Very poor, and previously damaged, steels 
will not even deliver a substantial hydrogen fl ux when exposed to hydrogen 
charging a corrodant, because most hydrogen is taken up by the steel. Any 
activity – any hydrogen fl ux – is probably symptomatic of damage to steel 
which is already micro-delaminated due to historical hydrogen damage. 
Further, fl ux measurements on large blisters tell us more about the pressure 
(activity) of hydrogen in the blister than at the entry face behind it.

Activity a0 is derived from the permeability P of hydrogen in steel, 
which is equal to the product of diffusivity D and solubility S. Since both 
D and S increase rapidly with temperature, so does P. Thus steel is thou-
sands of times more permeable to hydrogen at say 300 versus 30 °C. Not 
surprisingly, hydrogen damage at temperatures exceeding 100 °C is rare. 
Correspondingly, diffusible hydrogen in steel in service at high tempera-
tures needs to be allowed to diffuse away before the steel is cooled, lest 
it increase too much in activity. The use of fl ux monitoring in this area is 
likely to increase with increasing acceptance of fi eldworthy fl ux measure-
ment tools.
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13.4.2 Hydrogen bakeouts

Prior to welding steel which may have been subject to hydrogen charging 
by one of the sources cited in Table 13.1, it is often deemed necessary to 
raise the steel temperature (typically to 350 °C) for a number of hours (typi-
cally 2–48 h, depending on the steel type and thickness) to ‘bake out’ hydro-
gen which may have become entrapped in the steel. Otherwise, during 
welding, the hydrogen content of the parent steel is liable to concentrate at 
the weld’s heat affected zone, causing hydrogen cracking. About 1 ppm 
hydrogen is often considered an upper acceptible threshold for diffusible 
hydrogen content of the steel at the elevated temperature. Fick’s First Law 
of Diffusion states that fl ux

J = D.dc/dx [13.1]

During hydrogen bakeouts, the hydrogen concentration gradient, dc/dx, 
at the steel face is expected to be greater than anywhere in the steel 
interior at all times while the fl ux is decreasing from its maximum value. 
It is possible to conservatively cite a critical, decreasing fl ux during 
bakeout as indicating that the steel contains negligible hydrogen. For 
mild steel at 350 °C and <5 cm thickness, the fl ux is estimated at 500 pL/
cm2/s. This fl ux provides a real time criterion for extending the time of 
hydrogen bakeout if necessary, whereby prospective weld damage can 
be avoided. Correspondingly, if a fl ux fails to reach, or decreases to 
below, the threshold fl ux, the bakeout may be curtailed, and the repair 
schedule re-adjusted, whereby the product downtime is shortened.

Steel which has been in high temperature service is occasionally retained 
at temperature after service, to allow hydrogen in the steel to escape before 
cooling, sometimes forcibly, under nitrogen. It is possible to forecast a ‘safe’ 
fl ux threshold below which the steel may be safely cooled. However, this 
application of fl ux monitoring is not reported to date in the literature.

13.4.3 Using fl ux to indicate corrosion by sour
gas and related species

The most well known conventional cause of hydrogen fl ux through steel is 
corrosion by sour gas (H2S) condensate in pipes and vessels, in both upstream 
and downstream petrochemical equipment. Different sulfi de scales form on 
steel as a result of sour gas corrosion of steel, depending on sour gas con-
centration, co-corrodants, pH, ambient temperature and steel composition. 
In most cases, it is likely that both the corrosion, and corrosion induced fl ux, 
are completely suppressed by scales. However, since some of the scales 
formed are semiconducting (in particular, pyrrhotite),16 thereby providing 
a means of electrochemical hydrogen formation, not on the steel, but on a 
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scale through which atomic hydrogen migration is unlikely, it is probably 
best not to assume that the correlation of hydrogen fl ux with corrosion 
obtained in one sour corrosion scenario is applicable in another.

To be sure, sour corrosion is more episodic than is commonly supposed, 
and generally, successful deployment of a fl ux tool depends on the experi-
ence of the operator in knowing where and when to use it, particularly as 
a near real time indicator of sour corrosion, and its control. Flux measure-
ments on sour systems are most valid:

• where there is a history of hydrogen damage
• where inhibitors of corrosion of steel are deemed to be effective
• where corrosion is known to be episodic due to modifi cation, removal 

or dissolution of scale, as a consequence of pH change, oxygen, cyanide 
or erosion (the latter particularly in relation to ammonium bisulfi de 
corrosion).

Because the permeability of steel is very temperature sensitive, any 
attempt to correlate fl ux with corrosion rate will benefi t from conversion 
of fl ux to activity, as described above. A more approximate method is simply 
to compensate for thickness, by multiplying a fl ux reading (in pL/cm2/s) by 
thickness (in cm), to obtain readings in pL/cm/s. Field fl ux due to sour cor-
rosion rarely exceeds 1000 pL/cm/s and values of 10s of pL/cm/s are much 
more common in the fi eld (cf. values in Table 13.1), typically indicative of 
corrosion rates of about 0.1 mm/y (a few mil/y).

13.4.4 Using fl ux to indicate corrosion by HF acid

Flux from steel in HF acid alkylation units is more substantial than from 
sour systems, and more long-lived. This is probably because iron fl uoride 
scales are more soluble and less passivating than sulfi de scales. Also, HF 
corrosion is much less variant than sour corrosion, occuring as it does in a 
much more well defi ned product stream. It is generally not mitigated by 
inhibitors.

As above, conversion to hydrogen activities is advisable if readings from 
different sites are to be compared. Flux-thickness of a few 100 pL/cm/s are 
quite typical, probably indicative of a few tenths of mm/y (about 
10 mil/y).

13.4.5 ‘Naphthenic acid’ and sulfi dic corrosion

Naphthenic acid is the generic name given to cyclic carboxylic acids pro-
duced from ‘acid crude’, obtained from deeper, more ancient oil deposits. 
Sulfi dic corrosion is attributed to sulfur compounds, also particularly preva-
lent in more newly producing wells. The acids concentrate in distillation 
column sidecuts at temperatures between approximately 250 and 400 °C 
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(480 and 750 °F). They are corrosive, generating carboxylic iron salts and 
hydrogen, which, due to the high temperature of the steel, is prone to diffuse 
through the wall suffi ciently to deliver hydrogen fl ux4,5 of up to a few thou-
sand pL/cm2/s. Thiols and hydrogen sulfi de – present as a thermal break-
down product – react similarly to form hydrogen and sulfi de salts.

Naphthenic acid corrosion is complicated by the plethora of different 
prospective compounds involved,17 their respective temperature stability 
and solubility, and interaction with, for example, hydrogen sulfi de.18 Cor-
rosion depends on the process stream sheer velocity, and therefore is 
prevalent at pipe elbows, where fl ux tools at the time of writing were not 
easy to deploy. As the service steel may not have been designed to sustain 
this corrosion, any monitoring technique is liable to be of interest. Flux 
measurement, as a near real time corrosion indicator, is very attractive. At 
the time of writing there is a strong commercial interest in this application 
for fl ux monitors. For all these reasons, data pertaining to fl ux measure-
ments at high temperatures is limited in the public domain.
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14.1 Introduction

This chapter presents an overview of two laboratory methodologies that 
are generally used to simulate fl ow conditions of the fi eld in the laboratory. 
The methodologies described are rotating cage and jet impingement. They 
are compact, inexpensive, hydrodynamically characterized, and scalable, i.e., 
can be used under various fl ow conditions. Using these methodologies 
several variables that infl uence the corrosion rate in the fi eld can be simu-
lated in the laboratory, e.g., compositions of material, composition of envi-
ronment (gas and liquid), temperature, pressure and fl ow.

Equations are developed to characterize the fl ow in these methodologies. 
These equations are, however, developed based on some assumptions and 
approximations. In view of these approximations these equations should be 
used with caution. The geometry of the apparatus including vessel length and 
diameter, sample holder length (and, as a consequence, the sample length), 
diameter, rotation speed, volume of liquid, controls the fl ow pattern as well 
as the corrosion rates. Therefore all pertinent parameters should be carefully 
designed and recorded. This chapter also provides an approach to predict 
fi eld performance based on the results obtained by these methodologies.

14.2 Rotating cage

14.2.1 History

In 1990, the rotating cage (RC) was introduced as a promising laboratory 
methodology, to simulate pipe fl ow in the laboratory by rotating the speci-
mens at speeds up to 1500 rpm.1–5 In the literature, rotating cage experi-
ments are also reported as high-speed autoclave tests (HSAT)6,7 or rotating 
probe4,5 experiments. In 1999, the atmospheric pressure rotating cage was 
described, together with a systematic analysis of fl ow patterns.8,9

In the results of a study published in 2001, the rotating cage was identifi ed 
as the preferred methodology for evaluating corrosion inhibitors.10–14 This 
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assessment was based on a quantitative comparison of fi eld and laboratory 
data on general corrosion rates, pitting corrosion rates and percentage 
inhibition (calculated from general and pitting corrosion rates) under three 
different fi eld conditions using three continuous and three batch inhibitors. 
The rotating cage methodology was also identifi ed as an inexpensive and 
relatively simple methodology to carry out.

In 2001, ASTM published a standard guide, ASTM G170, ‘Evaluating and 
Qualifying Oilfi eld and Refi nery Corrosion Inhibitors in the Laboratory’.15 
This Standard presents rotating cage as a compact, inexpensive, hydrody-
namically characterized, and scalable (i.e., they can be carried out under 
various fl ow conditions) methodology. Using this methodology, several vari-
ables that infl uence inhibitor performance in the fi eld can be simulated, 
including composition (of the steel, brine, oil and gas); temperature; pres-
sure; and fl ow. In 2002, the application of the atmospheric pressure rotating 
cage for simultaneous determination of inhibitor effi ciency and drag reduc-
tion properties of corrosion inhibitors was demonstrated.16 In 2003, the 
infl uence of rotating cage geometry on the fl ow pattern and on the corro-
sion rate was published.17 In 2006, ASTM published a Standard Practice 
ASTM G184, ‘Evaluating and Qualifying Oil Field and Refi nery Corrosion 
Inhibitors using Rotating Cage’, which describes a procedure to conduct 
experiments using a rotating cage.18

14.2.2 Rotating cage apparatus

Figure 14.1 shows a schematic diagram of the rotating cage system. The 
vessel can be manufactured from acrylic or polytetrafl uoroethylene (PTFE). 
At the bottom of the container, a PTFE base is snugly fi tted. At the center 
of the PTFE base, a hole is drilled, into which the lower end of the stirring 
rod is placed. This arrangement stabilizes the stirrer and the coupons. Mul-
tiple coupons, typically eight (each of surface area 35.8 cm2) are supported 
between two PTFE disks mounted 76 mm apart on the stirring rod of the 
autoclave. Holes are drilled in the top and bottom PTFE plates of the cage 
to increase the turbulence on the inside surface of the coupon. This experi-
mental set-up can be used at temperatures up to 70 °C and rotation speeds 
up to 1000 rpm. For elevated pressure experiments an autoclave is used 
instead of acrylic or PTFE vessel.8,9

14.2.3 Flow characteristics of rotating cage

Before rotating cage experiments can be performed the hydrodynamic 
conditions of the cage should be understood. The fl ow characteristics of a 
rotating cage vary with cage dimensions, liquid levels, rotation speeds and 
liquid types. The fl ow pattern in the absence of rotating cage is similar to 
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the fl ow pattern of the rotating cylinder electrode (RCE) because the 
experimental set-ups are similar. Under this condition the rotation of the 
shaft causes the fl uid movement.

In the presence of a block, a vortex is formed whose dimensions (both 
length and width) increase with rotation speed until the width reaches the 
side walls of the container.

Blocks with larger diameter generally produce a larger vortex at the same 
rotation speed and volume (Fig. 14.2). Similarly blocks with longer length 
generally produce a larger vortex at the same rotation speed and volume 
(Fig. 14.3). In addition the position of the block also affects the fl ow pattern. 
As shown in Fig. 14.4, the higher the position of the block, the greater is its 
infl uence on the vortex at the same rotation speed and volume.17

Figure 14.5 presents the variation of vortex length with volume of liquid 
for a block and rotating cages containing coupons in two confi gurations, 
with aligned and non-aligned holes at 800 rpm. The dimensions, i.e., diame-
ter (3.1 in. (8 cm)) and length (3.3 in. (8.5 cm)) of all three confi gurations are 
the same. In the aligned position, the holes drilled in the top and bottom 
PTFE plates were vertically aligned. In the unaligned case, the holes were 
separated by 180 degrees around the circumference of the cylinder. It can 
be seen from Fig. 14.5 that for the same length and diameter, at the same 
volume of liquid and at the same rotation speed, the vortex length decreases 
in the order: the cage with holes aligned > cage with holes un-aligned > solid 
block.

Motor

Lid

Gas outlet

Rotating shaft

Rotating cage

Gas inlet

RPM controller

Alignment well

14.1 Schematic diagram of a rotating cage.
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The fl ow patterns of a rotating cage can be qualitatively divided into four
zones:

Homogeneous zone: Vortex dimensions length and width increase 
with rotation speed

Side-wall affected zone: Vortex length increases but the width has 
reached the side and collides with the wall

Turbulent zone: Vortex length penetrates into the rotating cage 
unit and creates turbulent fl ow

Top-cover affected zone: The liquid level oscillates and rises to the top, 
pushing the fl ow pattern due to the backward 
movement of the fl uids, and changing the fl ow 
pattern (the rate of vortex length increases at a 
lower rate)
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In the absence of a rotating cage, vortex formation does not occur. In the 
presence of a block of the same dimension as the RC, a vortex forms, and 
its dimensions increase with the speed of rotation. When the block is 
replaced with the rotating cage containing coupons, the fl ow pattern does 
not change signifi cantly, but the vortex growth rate is high; i.e., under the 
same conditions, the vortex dimensions (length and width) increase at a 
higher rate with the rotating cage (containing multiple, e.g., eight coupons 
with gaps between them) than with the block (no gaps). The vortex dimen-
sions depend on the fl uid type and quantity. The fl uid patterns in the homo-
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geneous, side-affected and turbulent zones are similar, but the top-cover 
affected zone decelerates the vortex growth rate due to the motion of fl uids 
in the opposite direction.

In all zones, except in the top-cover affected zone, the solution is dragged 
toward the coupons, due to the vortex formation, increasing the wall shear 
stress at least on the outer surface of the coupons. Based on the above 
observations, it can be assumed that the rotating cage wall shear stress (tRC) 
consists of two components of wall shear stress of the RCE, tRCE and wall 
shear stress caused by the movement of the solution resulting from vortex 
formation, tvortex.

Under most conditions, the slope of vortex length with rotation speed is 
about 3 mm/100 rpm. In order to account for the drag coeffi cient induced 
by the vortex the slope of the plots of vortex dimensions with rotation speed 
should be considered. As a fi rst approximation, rotating cage wall shear 
stress can be calculated using Equation [14.1], which includes both tRCE and 
tvortex.19

tRCE = 0.079 ReR
−

C
0.3 rr2

RC w2.3 [14.1]

where rRC is the radius of the rotating cage, ReRC(=wr2
RC/n) is the Reynolds 

number of rotating cage, w is the angular velocity, and n is the kinematic 
viscosity.

Equation [14.1] can be used to calculate the wall shear stresses in the 
homogeneous zone only. In the turbulent zone, the wall shear stress may 
be higher than predicted by Equation [14.1]; on the other hand, in the 
side-affected and top-cover affected zones, the wall shear stress may be 
less than predicted by Equation [14.1], because of the movement of a 
portion of the fl uids in the opposite direction by the vortex driven fl ow. 
Local wall shear stresses at coupons in the rotated cage arrangement has 
been carried out using microelectrode arrays incorporated fl ush to the 
surface of plastic dummy probes.20 A suitable redox couple, e.g., hexacya-
noferrate, is used as a tracer system for the evaluation of local wall shear 
stresses from diffusion controlled electrochemical reaction.

The local wall shear stresses are strongly infl uenced by liquid viscosity. 
Highest wall shear stresses are encountered in the middle of the coupon 
close to the inner corner of the leading edge. The wall shear stresses at the 
outer corner of the leading coupon edge are roughly one-third lower than 
at the inner corner of the leading edge. In the middle of the outer coupon 
surface the maximum average wall shear stresses are roughly two-thirds 
less than at the inner corner of the leading edge. The highest wall shear 
stress at the outer coupon surface is close to the leading edge. The gradient 
of wall shear stresses between leading and trailing edge on the outer coupon 
surface is signifi cant only at higher hydrodynamic viscosities. Vertically, the 
local wall shear stresses at the inner or outer corner of the leading coupon 
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edges exhibit a much smaller gradient. They are in the order of 10 to 20% 
of the local maximum value with little dependency on liquid viscosity.

Computational fl uid dynamics (CFD) analysis indicates that the wall 
shear stress varies somewhat with time. The shear stress is generally higher 
on the leading edge compared to the trailing edge, and higher on the outer 
face compared to the inner face. On the leading edge, the shear stress is 
higher toward the inner face. On the trailing edge, the shear stress is higher 
toward the inner face. On the outer face, the shear stress is higher toward 
the trailing edge and on the inner face, the shear stress is higher toward the 
leading edge.21

The fl uid dynamics lead to the shear stress distribution on the coupons. 
The highest speeds occur near the coupons, since they drive the fl ow. Rela-
tive variation in velocity leads to variation of shear stress. The fl ow speed 
past the coupon is low due to the fact that the coupons and the water are 
moving in the same direction. Another interesting feature of rotating cage 
fl ow is the complicated fl ow in the wake region following the trailing edge 
of the coupon; each coupon has a signifi cant effect on the one that follows. 
The third feature to note is that the blunt leading edge presents a formida-
ble obstacle to fl ow around the coupon. Finally, because the coupons are 
fl at and rotating about a center, the ends of the coupon are traveling on a 
larger radius than the middle and are, therefore, moving faster. Relative to 
the fl ow of water moving in a circular path, the ends of the inner face are 
effectively moving away from the fl ow while the ends of the outer face are 
effectively moving toward the fl ow.

At the leading edge, the fl ow accelerates toward the inner face causing a 
higher shear stress toward the inner face. On the inner face, the fl ow impacts 
near the center of the coupon causing a higher shear stress. However, the 
end of this face is effectively moving away from the fl ow and, therefore, the 
fl ow is very slow toward the trailing edge causing a low shear stress. The 
opposite occurs on the outside face. The fl ow has to travel around the 
leading edge and, as a result, the fl ow is relatively slow along most of the 
outer face. As the fl ow approaches the trailing edge, which is moving fast 
and toward the fl ow, it accelerates and causes a higher shear stress. The fl ow 
is not able to penetrate the wake region behind the coupon so the shear 
stress is low on the trailing edge. Flow that does circulate back into the 
wake region comes from the outside face and fl ows back toward the inside 
face, causing the shear stress on the trailing edge to be higher near the inner 
face.

14.2.4 Simulation of general and localized corrosion

Rotating cage is an effi cient tool to investigate the effect of fl ow on general 
corrosion rates. Figure 14.6 for example compares the general corrosion 
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rate to the vortex length. As vortex length increases, i.e., rotation speed 
increases, the corrosion rate increases.

A study that compared the pitting corrosion rates of laboratory method-
ologies with those of fi eld conditions found rotating cage to be an ideal 
methodology to simulate pitting corrosion. In this study, by comparing the 
results of the fi eld and laboratory experiments at the same inhibitor con-
centrations, a preliminary ranking of test methodologies at each inhibitor 
concentration was developed. From these rankings, the cumulative ranking 
was deduced by summing the preliminary rankings. That study found that 
the RC test was the top-ranked laboratory methodology based on the com-
parison of laboratory and fi eld general and pitting corrosion rates. This 
methodology produced higher pitting corrosion rates, and is a tougher test 
for the inhibitor to pass. Several inhibitors exhibited lower effi ciencies when 
tested in this methodology.19 The simulation of pitting corrosion in a rotat-
ing cage is due to the variation in the fl ow pattern on various sides of the 
coupons, as described in section 14.2.3.

14.2.5 Typical applications of rotating cage

Corrosion inhibitors

Selection of corrosion inhibitor for oil fi eld and refi nery applications 
involves qualifi cation of corrosion inhibitors in the laboratory. Field condi-
tions should be simulated in the laboratory in a fast and cost-effective 
manner. Oil fi eld corrosion inhibitors should provide protection over fl ow 

14.6 Relationship between the corrosion rate (mpy) and the vortex 
length (cm): 4 liters of solution with holes aligned. Note: 1 mpy = 
0.025 mm/yr.
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conditions ranging from stagnant to that found during typical production 
conditions. Not all inhibitors are equally effective over this range of condi-
tions so it is important for a proper evaluation of inhibitors to test the 
inhibitors using a range of fl ow conditions. Because the rotating cage is 
relatively inexpensive and uses simple fl at specimens that allow replicates 
to be run with each set-up it is widely used to evaluate corrosion inhibitors 
for oil-fi eld and refi nery applications. ASTM Standard Practice G184 and 
ASTM Standard Guide G170 present a general procedure to obtain repro-
ducible results using RC to simulate the effects of different types of coupon 
materials, inhibitor concentrations, oil, gas and brine compositions, tem-
perature, pressure and fl ow.

Materials selection

Because the rotating cage uses multiple specimens (typically eight) which 
are separated by an insulator, it is valuable to simultaneously evaluate 
corrosion behavior of materials in a particular environment. When using 
a rotating cage for materials selection caution should be exercised in that 
the holes on the top and bottom covers are plugged. Only when the holes 
are plugged are all the coupons exposed to the same fl ow pattern. Leaving 
one or both holes open makes the fl ow pattern of the two coupons around 
the holes different from that of the rest.

Drag reduction property evaluation

Drag reduction is a physical phenomenon that causes friction to be reduced 
and fl uid fl ow to be increased. Chemicals that reduce drag are known as 
drag-reducing agents (DRA). Several polymeric compounds can reduce 
the wall shear stress of fl owing liquids at low concentrations. Several 
studies have pointed out that part of the corrosion inhibitory effect may 
be due to the drag reduction properties (i.e., reducing the wall shear 
stress) of the chemicals. It is assumed that the drag reduction exerted by 
corrosion inhibitors is due to the interaction of shear-deformed surface 
active compound (SAC) aggregates in the near-wall liquid boundary layer 
with adsorbed self-assembled structures on the solid surface.

The rotating cage can be used to determine drag reduction properties. 
Several rotating cage parameters can be used to determine the drag reduc-
tion properties of corrosion inhibitors, including vortex length, vortex width 
and increase of the liquid level. But vortex length is the parameter that can 
be easily measured under all conditions. Liquid level, rotation speed and 
equations to correlate rotation speed and wall shear stress are based on the 
vortex length.

In order to evaluate the drag reduction property of a chemical, the vortex 
length measured during the experiments should be compared to the corro-
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sion rates of coupons in the presence of the chemical. Figure 14.7 presents 
a typical result, in which the chemical exhibits drag-reduction properties 
∼500 rpm (homogeneous zone). Beyond 500 rpm, the fl ow pattern becomes 
turbulent, and the chemical loses its drag-reduction properties.

14.3 Jet impingement

14.3.1 History

Failure of a condenser tube by erosion-corrosion caused by high-velocity 
salt water provided an opportunity to develop a laboratory methodology 
to simulate high velocity in the laboratory. In the 1920s it was found that 
jet impingement could be used to reproduce the type of attack encoun-
tered in service, by subjecting specimens to jets of sea water containing 
air bubbles of a particular size.22

In the 1950s a comparison was made between two jet impingement appa-
ratuses installed in London and in Harbor Island, USA. The 24-unit jet 
impingement apparatus installed in London was the recirculating type, 
whereas that installed in the USA was once-through. Tests with recirculat-
ing water showed a less severe attack than those with once-through water. 
It was also found that air bubbles in the water are necessary for an attack 
to occur.23

During the early 1970s, the ability of jet impingement to simulate high 
heat and mass transfer rates at surfaces even when the bulk of the surround-
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ing fl uid is stagnant, and to simulate different fl ow regimes simultaneously 
were recognized. With the reorganization, jet impingement found applica-
tions in non-corrosion fi elds including simulation of glass toughening, paper 
drying, solids leaching and welding processes as well as in aero- and space 
research to simulate vehicle vertical take-off and landing conditions.24–27

By the 1980s jet impingement apparatus was commonly used in electro-
chemical machining and erosion-corrosion (including nuclear reactor con-
ditions).28,29 By the 1990s application of jet impingement for corrosion 
studies was established. Several studies which compared the corrosion rates 
of various methodologies found that jet impingement was most suitable for 
simulating fl ow conditions of pipes and for the evaluation of oil-fi eld cor-
rosion inhibitors.30–32 In the 2000s high-temperature, high-pressure jet 
impingement apparatus and jet impingement apparatus with vibrating spec-
imens were designed.33–35

In 2001, ASTM published a Standard Guide, ASTM G170, Evaluating 
and Qualifying Oilfi eld and Refi nery Corrosion Inhibitors in the Labora-
tory.15 This standard describes the usefulness of jet impingement apparatus 
as a laboratory apparatus to simulate fl uid conditions.

14.3.2 Jet impingement apparatus

Jet impingement apparatus can be operated in three different confi gura-
tions. Depending on the confi guration, the fl ow region in jet impingement 
can be stagnation, transition and wall-jet. The boundaries between these 
regions are not sharp and different values are provided in the literature 
(see Table 14.1). The experimental confi guration for each fl ow region is 
discussed below. The fl ow characteristics are discussed in section 14.3.3 of 
this chapter.

Set up of jet impingement apparatus in stagnation region 
(disk electrode)

The advantage of conducting experiments in the stagnation region 
include:

• Fluid fl ow is well characterized
• The hydrodynamic shear is a linear function of radial position
• Mass transfer and convective diffusion to the surface are uniform
• Prevents the establishment of differential oxygenation cells
• The electrode is stationary and allows use of in situ determination of 

fi lm thickness, e.g. by ellipsometry. Rotating disk electrode and rotating 
cylinder electrodes also provide well-characterized fl uid fl ow with 
uniform mass transfer; however, they cannot be used for in situ 
techniques.36,37
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Table 14.1 Flow characteristics of jet impingement

Flow zone Characteristics

Stagnant Well characterized for mass transfer, but not based on wall shear 
stress (because the fl ow vector changes rapidly as radial 
distance increases). Extends from the central axis to the point of 
maximum velocity and minimum jet thickness at rjet,radial /rjet = 2

Extends up to djet,radial /djet = 2.35 for H/djet = 8. Sherwood 
numbers beyond djet,radial /djet � are independent of nozzle 
height in the range 0.2 ≤ H/djet ≤ 19.23, and for Reynolds 
numbers from 25 000 to 125 000

Up to rjet,radial /rjet ≤ 1.2 (for Re 375) and ≤1.5 (for Re 1740 and 
above). For nozzle closer than <0.5rjet no signifi cant change in 
the transfer rate (rjet,radial /rjet < 0.2). rjet = 2, 1.25 and 0.72 inches

x/djet = 0.1 to 1.0 (for turbulent nozzle) and x/djet = 0.1 to 0.5 (for 
laminar nozzle). Mass transfer rate is independent of the 
electrode size for 0.1 ≤ H/djet ≤ 6. (Radii of disk electrodes used 
0.0127, 0.0495, 0.0787, 0.157, 0.265, 0.634, 1.27 and 1.91 cm. 
Nozzle i.d. 0.635 and 0.292 cm and length 20.3 and 63.5 cm)

Wall shear stress increases linearly with H/djet up to H/djet = 8.0, 
beyond which the effect levels off (because for nozzle height 
beyond eight diameters, the oncoming jet profi les are 
similar). This effect is seen between (rjet,radial /free jet half 
radius at distance above the plate where the impingement 
region begins = up to 1.2). Shear stress data determined at 
H/djet = 8.24 and Re 10 600 to 36 200 agree with the theory, 
but for larger distances the data level off at about 15% below 
predictions. Data obtained at H/djet = 18 and Re ∼ 160 000 also 
agree with the model, but experimental shear value was 
higher than the predicted value by a factor of 2

Variation of dimensionless mass transfer coeffi cient (Sh/Re0.5) 
with rjet,radial /rjet is a function of H/djet. In general, the Sh/Re0.5 
is constant in the range of rjet,radial /rjet up to 1.0 (for H/djet = 1.2 
to 5.0); the Sh/Re0.5 decreases with rjet,radial /rjet in the range of 
rjet,radial /rjet 0 to 5. The rate of decrease is a function of H/djet. 
At H/djet = 6.0–14, it decreases up to 2.5 and then becomes 
constant; at H/djet = 17–20, it continues to decrease

Transition Not rigorously characterized mathematically
Wall shear stress is proportional to the velocity squared 

(rjet,radial /rjet = 2 and 4)
No transition zone (for Re 375). Between24 rjet,radial /rjet ≥ 1.5 and ≤ 3.0
Mass transfer rate decreases with the radial position

Wall jet zone Beyond rjet,radial /rjet ≥ 4 (rjet = 2 mm, x = 4 mm)
Begins at x/djet = 3.0 (djet = 0.254 or 0.508 cm)
rjet,radial /rjet ≥ 1.2 (for Re 375) and ≥3 (for 1740). For nozzle-to-

surface distances in the range 0.5 and 12rjet mass transfer 
from the impingement surface is independent of nozzle 
distance. For nozzle closer than <0.5rjet, transfer rate increase 
with decreasing nozzle height (due to constriction of fl ow 
between nozzle and impingement surface)

Begins at djet,radial /djet = 4
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Proper design of the impinging jet electrode system requires that the 
electrode be situated within this region. Stagnation regions of different 
lengths are reported in the literature. Stagnation regions extending up to 
a radius of jet (r)/radial distance (d) ratio of 0.5, 1, and 1.4 are reported. 
Therefore a jet impingement disk electrode of size less than 0.5 to 1.4 
should be used. Typically a disk (rather than a ring) of r/d less than 0.5 
is used. Under this condition the distance (h) between the nozzle and 
the electrode has no effect on the stagnation region, but typically an h/r 
ratio of 2 is used. A disk electrode that is large enough to extend into 
the region where stagnation fl ow theory does not apply still has a signifi -
cant portion of the disk in the stagnation fl ow region. In contrast, a ring 
electrode can be constructed to lie wholly inside or outside the stagnation 
region. The ring-electrode measurements are therefore more sensitive to 
changes in the fl ow pattern. For this reason the disk electrode rather than 
the ring electrode is used to carry out jet impingement apparatus in the 
stagnation region.

Set up of jet impingement apparatus in turbulence and in wall-jet regions 
(ring electrodes)

Ring electrodes are used to conduct jet impingement experiments in the 
wall-jet region. Fluid jet can be produced using a non-metallic layer with 
a machined center hole with a tapered inlet to smooth the fl ow. The length 
of the cylinder is designed to ensure fl ow stabilization before the fl uid 
exits. This provides a stable, reproducible jet impinging on the sample 
surface.

The jet impinged on the center of the fl at surface of the test sample 
consists of one or more concentric ring working electrodes separated by 
a non-metallic spacer ring. The probe can be constructed to allow elec-
trochemical corrosion measurements. The threaded back section of the 
probe allows precise adjustment of the distance between the test surface 
and the jet. The concentric ring working electrode centered at d/r = 3 is 
used to simulate a turbulence zone and d/r = 5 is used to simulate a wall 
jet zone.

Set up of jet impingement apparatus in stagnation to wall-jet region (disk 
electrode)

The jet impingement apparatus consists of a central cell with four arms 
containing nozzles (Fig. 14.8).21 The impeller, housed in the cell body, is 
driven by an electric motor magnetically coupled to the impeller drive shaft. 
Fluid from the cell is forced by the impeller through the nozzles and aimed 
directly and symmetrically onto the disk specimens mounted at the end of 
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14.8 Schematic diagram of high-temperature, high-pressure jet 
impingement apparatus.

the jet arm, within the jet arm caps. The fl uid returns to the cell body 
through the jet arms. This impinging jet design has submerged nozzle where 
the fl ow confi ning wall is the jet arms. Multiple (typically four) samples can 
be used. Corrosion rates can be measured using both weight-loss and elec-
trochemical techniques. The radius of the disk should be larger, typically 
more than d/r = 5 so that all three jet regions exist on the surface.

14.3.3 Flow characteristics of jet impingement

The fl ow fi eld established for a circular jet impinging on a fl at plane with 
the jet’s central axis normal to the plane is illustrated in Fig. 14.9. Under 
these conditions, a stagnation point will exist at the intersection of the axis 
with the plane, and the fl ow will be symmetrical about the axis. Because the 
fl ow is axisymmetric, only the fl ow and fl uid properties in the radial plane 
normal to the disk are considered.

Region A in Fig. 14.9 is the stagnation zone. The fl ow is essentially linear 
near the plate, and the principal velocity component changes from axial to 
radial, with a stagnation point at the center. The wall shear stress within the 
stagnation region is given by:

tstag = −1.312r(mr)1/2a3/2 [14.2]

where tstag is wall shear stress in the stagnation region, r is the radius of the 
disk electrode, m is the kinematic viscosity, r is the density of the fl uid, and 
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a is hydrodynamic constant, proportional to the average jet velocity, and is 
a function of cell geometry.

Region B in Fig. 14.9 is the turbulent region in which the fl ow is increas-
ingly turbulent and develops into an all jet (i.e., the primary fl ow vector is 
parallel to the solid surface). The fl ow pattern is characterized by high tur-
bulence, a large velocity gradient at the wall, and high wall shear stress. 
Thus, Region B is of primary interest for studying fl uid fl ow effects on cor-
rosion in high-turbulence areas. The region has not been rigorously charac-
terized mathematically, but published work indicates wall shear stress is 
proportional to the velocity squared. The wall shear stress in this region is 
given by:

τ ρturb
o

U
r
r

= − −0 179 2 0 182 2 0. ( ). .Re  [14.3]

Where tturb is the jet wall shear stress in the turbulent region, U is the jet 
velocity, Re is the Reynolds number, and ro is the jet radius.

Region C in Fig. 14.9 is the wall jet region. In this region the bulk fl ow rate 
and turbulence decay rapidly as the thickness of the wall jet increases, 
momentum is transferred away from the plate, and the surrounding fl uid is 
entrained in the jet. This region is amenable to mathematical characteriza-
tion, but the fl ow cannot be related to fi eld conditions because momentum 
transfer and fl uid entrainment are in the opposite direction to the pipe fl ow.

14.3.4 Simulation of general and localized corrosion

Jet impingement is a widely used technique to study fl ow-accelerated cor-
rosion. Experimental results at very high wall shear stress, up to 1000 Pa, 
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14.9 Hydrodynamic characteristics of jet impingement on a fl at plate.
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have been reported in the literature.38 In one study it was found that the 
jet impingement apparatus simulated the extreme fl ow conditions of the 
pipe, but in this methodology the inhibitors also exhibited higher inhibitor 
effi ciencies. This study also found that the jet impingement did not effec-
tively simulate pitting corrosion. Whenever pits were initiated in the JI, 
inhibitors controlled their propagation.19 The critical radii for transition 
from uniform to localized corrosion typically occur around 2.46 < r/ro < 2.88. 
This region is also the region that displays the transition from the turbulent 
to the wall-jet region.35

14.3.5 Typical applications of jet impingement apparatus

Jet impingement apparatus can be used in all applications where rotating 
cages can be used, but typically jet impingement is useful to create high-
shear stress fl ow conditions, typically above 200 Pa.39

14.4 Prediction from laboratory test result to 

fi eld application

In order for a laboratory methodology to be useful, it must simulate the 
combined effects of parameters that infl uence corrosion inside an actual 
pipeline. Despite the diffi culties in correlating corrosion data from samples 
in the laboratory and from pipe in the fi eld, laboratory methods are invalu-
able as a fi rst step to evaluate corrosion inhibitors and to select inhibitors 
for further testing in the fi eld.

There are two types of variables, direct and indirect. Composition of 
material, composition of gas and liquid (oil and water), temperature and 
pressure are direct variables. Simulation of these variables in the laboratory 
is direct. Flow, on the other hand, is an indirect variable, and simulation of 
fl ow in the laboratory is not direct.40 The infl uence of both types of variable 
should be understood and simulated.

Flow is the main indirect variable. To simulate the effect of fl ow, the 
hydrodynamic parameters are determined, and then the laboratory corro-
sion tests are conducted under the calculated hydrodynamic parameters. 
The fundamental assumption in this approach is that, when the hydrody-
namic parameters in two different geometries are the same, then the cor-
rosion rates are similar. The parameter used to describe the fl ow conditions 
in a pipe is wall shear stress.

14.4.1 Pipe wall shear stress

Pipe wall shear stress, tp, can be measured experimentally in terms of the 
pressure drop (DP) over a specifi c length of pipe (DL) with a specifi c diam-
eter (d):
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τ ∆
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 [14.4]

By measuring the pressure drop (DP) over a specifi c length of pipe (DL) 
with a specifi c diameter (d), tp can be experimentally determined.

Alternatively, the wall shear stress can be calculated as follows. The ratio 
of tp to the kinetic energy pressure loss per unit volume of fl uid defi nes a 
dimensionless friction factor (f) that is a measure of the energy loss as a 
result of wall turbulence, accounting for both viscous shear in the fl uid and 
the surface roughness. This relationship is expressed as:

τ
ρ

p
fU=

2

2
 [14.5]

where f is the friction factor (dimensionless), U is fl ow velocity and r is 
density.

Moody has derived an approximate equation (Equation [14.6]) which 
agrees within +5% of f values calculated using other more complicated but 
more accurate equations. This formula covers the usual range of engineer-
ing problems.
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where Re is the Reynolds number (dimensionless), e is surface roughness 
(4.57 × 10−5 m for commercial welded pipe), and d is pipe diameter.

For pipes in the rough zone of complete turbulence, where f is indepen-
dent of the Reynolds number, the fi nal term can be dropped and Equation 
[14.6] becomes:

f d= +0 0055 0 15 1 3. . ( ) /ε /  [14.7]

To complete the equation set, the Reynolds number for pipe fl ow can be 
calculated as:

Re = (U*d)/� [14.8]

where � is kinematic viscosity.
The density and fl ow velocity terms used in Equation [14.8] are fairly 

simple in cases where the substance fl owing through the pipe is homo-
geneous. The use of these terms becomes more complex when a multi-
phase fl uid is being transmitted. A simple average of the density and fl ow 
rates is insuffi cient if the quantity of each phase fl owing through the pipe 
is not equal. In order to calculate the wall shear stress, the weighted 
averages of the density and fl ow rate of each phase fl owing through the 
pipe must be known. The percentage of each phase must be calculated 



 Rotating cage and jet impingement techniques 339

and used to produce a weighted average. The rates of water, oil and gas 
need to be compared in order to determine the percentage of each phase 
and from which the weighted averages of density and fl ow rate are 
determined.

The fl ow rates through a pipe (of diameter, d) are calculated as: Flow 
rate (m/s) = volume transmitted/pipe area. Calculation of fl ow rate of gas 
presents a unique mathematical problem. The gas volume is normally pre-
sented at standard temperature and pressure (STP). The gas in the pipe, 
however, is not at standard temperature and pressure and, in fact, occupies 
a different volume than that reported. From Van der Waals’ gas equation, 
it is known that a given quantity of gas takes up a different volume at dif-
ferent pressures:

P
an
V

V nb nRT+





− =
2

2

2

( )  [14.9]

where P is pressure, a and b are Van der Waals constants, n is the number 
of moles of gas, R is a constant equal to 8.31441 J/K.mol , V is the volume 
of the substance and T is the temperature. In order to solve the equation, 
it is assumed that the gas fl owing in the pipe is pure methane; thus, a = 2.300 
bar L2/mol and b = 0.04301 L/mol.

In order to convert the volume of gas from STP values to the pipeline 
operational pressure and temperature, Equation [14.9] is solved for the 
number of moles at STP and then this value is substituted into Equation 
[14.6] for the volume under pipeline operational conditions. In order to 
solve for n, the number of moles, a cubic equation of the form must be 
solved:

An3 + Bn2 + Cn + D = 0 [14.10]

where A = ab/V2, B = −a/V, C = (RT + Pb) and D = −PV. The general form 
of the solution is as follows:

n = y − B/3A where y = Ya + Yb [14.11]
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Solving Equation [14.7] results in a value for n, the number of moles. 
Substituting this value back into Equation [14.6] and using the pipeline 
operating pressure and temperature, another cubic equation is obtained 
of the form:

AV3 + BV2 + CV + D = 0 [14.16]

where A = P, B = −({bnP} + {nRT}), C = (an2) and D = −(abn3). The volume 
under pipeline operational conditions can be calculated by solving Equa-
tion [14.13] using the same technique as presented in Equation [14.16].

14.4.2 Correlation between pipe and rotating cage

As a fi rst approximation, the rotating cage wall shear stress can be calcu-
lated using Equation [14.1]. Rerc, Reynolds number of the rotating cage 
required in Equation [14.1] is calculated as:

Rerc (= wr2
rc/�) [14.17]

Solving Equations [14.1] and [14.17] for angular velocity yields:
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Equation [14.8] is valid only if the fl ow in the rotating cage is in the homo-
geneous zone. Flow in the side-wall is affected by top-wall and turbulent 
zones experiences a different wall shear stress, and thus, the equation for 
angular velocity is not valid under these conditions.

14.4.3 Correlation between pipe and jet impingement

The corrosion rates in the jet impingement experiments and in the pipe are 
correlated when the wall shears for both geometries are the same. This cor-
relation is valid only when r/ro is between 2 and 4. Solving Equation [14.3] 
for jet velocity using Re = 2roUj/v, Equation [14.19] is obtained:

Uj = 2.7613(tj/r)0.5501 �−0.1001 (r1.1001/ro) [14.19]

14.5 Future trends

At the time of writing this chapter, standard procedure is available for 
evaluating corrosion inhibitors using the rotating cage17 but not for jet 
impingement. In addition the reproducibility of the rotating cage and jet 
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impingement is not known. A standard for conducting jet impingement 
experiments is being developed. In the future, the reproducibility of results 
achieved by different operators of the rotating cage and jet impingement 
using procedures described in this chapter will be established.

Once the standard test procedures are developed and their reproduci
bility established, a laboratory could carry out one test using the conditions 
described in the standard to qualify the test equipment, before conducting 
experiments under fi eld conditions for selecting corrosion inhibitors. By 
following such a procedure, the reliability of inhibitor selection will be 
increased.

14.6 Further information

The purpose of this chapter is to provide an overview of the rotating cage 
and jet impingement apparatus that are widely used to simulate corrosion 
in the laboratory. The discussions provided are not exhaustive. Several 
advances have been made to use them effi ciently and new standards are 
developed every day. Most advances are published in corrosion journals 
(including those published by NACE: Corrosion Journal, NACE Material 
Performance; The Journal of the Electrochemical Society, British Corrosion 
Journal, and Corrosion Science), symposia (including those organized by 
ASTM, NACE, the European Federation of Corrosion (EFC), books 
(including those published by ASTM, ASM, NACE and EFC), and stan-
dards (including those developed by ASTM G01 committee and NACE 
STG 62 committees).

14.7 References

 1 H. Gytzeit, C. Samans and F.B. Bulls, Mater. Prot., 12 (7) (1973) p. 12.
 2 K. Faessler and G. Blummel, Werkstoffe und Korrosion 42 (1991) p. 55.
 3 G. Schmitt and W. Bruckhoff, NACE CORROSION/88, Paper #357 (1988).
 4 G. Schmitt, W. Bruckhoff, K. Faessler and G. Blummel, NACE CORROSION/90, 

Paper #23 (1990).
 5 G. Schmitt, W. Bruckhoff, K. Faessler and G. Blummel, Material Performance 30 

(2) (1991) p. 85.
 6 D.W. Stegmann, R.H. Hausler, C.I. Cruz and H. Sutanto, NACE CORRO-

SION/90, Paper #5 (1990).
 7 V. Jovancicevic, S. Ramachandran, Y.S. Ahn and B.A.M. Oude Alink, NACE 

CORROSION/2001, Paper #1052, NACE International, Houston, TX (2001).
 8 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and K. 

Michaelian, CORROSION/99 Paper # 1, NACE International, Houston, TX 
(1999).

 9 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and K. 
Michaelian, ‘Laboratory Methodologies for Corrosion Inhibitor Selection’, 
Materials Performance, 39 (2000) p. 58.



342 Techniques for corrosion monitoring

10 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and K. 
Michaelian, CORROSION/2000, Paper # 55, NACE International, Houston, TX 
(2000).

11 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and K. 
Michaelian; 9th European Symposium on Corrosion Inhibitors, University of 
Ferrara, Ferrara, Italy, 4–8 September 2000.

12 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and K. 
Michaelian, EUROCORR 2000, 10–14 September 2000, University of London, 
London, UK.

13 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, D.C. Donini and K. Michael
ian, ‘Standardized Methodology for Inhibitor Evaluation and Qualifi cation 
for Pipeline Applications’, IPC2000, ASME, Calgary, AB, Canada, 1, p. 901, 
1–5 October (2000).

14 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz, H. Sun, J.C. Donini and 
K. Michaelian, CORROSION/2000, Paper # 1061, NACE International, 
Houston, TX (2001).

15 ASTM G170, ‘Standard Guide for Evaluating and Qualifying Oilfi eld and Refi n-
ery Corrosion Inhibitors in the Laboratory’, ASTM, Barr Harbor Driver, West 
Conshohocken, PA 19428-2959, US.

16 S. Papavinasam, M. Attard, R.W. Revie and J. Bojes, ‘Rotating Cage – A 
Compact Laboratory Methodology for Simultaneously Evaluating Corrosion 
Inhibition and Drag Reducing Properties of Chemicals’, CORROSION/2002, 
Paper # 2271, NACE International, Houston, TX (2001).

17 S. Papavinasam, A. Doiron and R. Winston Revie, ‘Effect of Rotating Cage 
Geomery on Flow Pattern and Corrosion Rate’, CORROSION/2003, Paper 
#3333, NACE International, Houston, TX (2003).

18 ASTM G184, ‘Standard Practice for Evaluating and Qualifying Oil Field and 
Refi nery Corrosion Inhibitors using Rotating Cage’, ASTM, Barr Harbor 
Driver, West Conshohocken, PA 19428-2959, US.

19 S. Papavinasam, R.W. Revie, M. Attard, A. Demoz and K. Michaelian, ‘Com-
parison of Laboratory Methodologies to Evaluate Corrosion Inhibitors for Oil 
and Gas Pipelines’, Corrosion 59 (10), 2003, p. 897.

20 C. Deslouis, A. Belghazi, Y. T. Al-Janabi, P. Plagemann and G. Schmitt, ‘Quantify-
ing Local Wall Shear Stress in the Rotating Cage’, CORROSION/2004, #4727, 
NACE, Houston, TX (2004).

21 Allan report
22 G.D. Bengough and R. May, J. Inst. Metals, 32, 1924, pp. 81 and 40, 1928, 

p. 141.
23 P.T. Gilbert and F.L. Laque, ‘Jet Impingement Tests’, Journal of the Electro-

chemical Society, 101 (9), 1954, p. 448.
24 F. Giralt, C.J. Chia, and O. Trass, ‘Characterization of the Impingement Region 

in an Axisymmetric Turbulent Jet’, Ind. Eng. Chem. Fundam., 16 (1), 1977, 
p. 21.

25 F. Giralt and O. Trass, ‘Mass Transfer From Crystalline Surfaces in a Turbulent 
Impinging Jet: Part 1. Transfer by Erosion’, The Canadian Journal of Chemical 
Engineering, 53, 1975, p. 505.

26 F. Giralt and O. Trass, ‘Mass Transfer from Crystalline Surfaces in a Turbulent 
Impinging Jet: Part 2. Erosion and Diffusional Transfer’, The Canadian Journal 
of Chemical Engineering, 54, 1976, p. 148.



 Rotating cage and jet impingement techniques 343

27 M.T. Scholtz and O. Trass, ‘Mass Transfer in a Nonuniform Impinging Jet’, 
AlChE Journal, 16 (1), 1970, p. 82.

28 D.T. Chin and C.H. Tsang, ‘Mass Transfer to an Impinging Jet Electrode’, 
J. Electrochemical Society, 125 (9), 1978, p. 1461.

29 D.A. Jones, ‘Effect of Water Chemistry on the Erosion-Corrosion of Aluminum 
in High Temperature High Velocity Water’, Corrosion 37 (10) 1981, p. 563.

30 J.L. Dawson, C.C. Shih, R.G. Miller and J.W. Palmer, ‘Inhibitor Evaluations 
Under Controlled Hydrodynamic Shear’, Materials Performance 30 (1), 1991, 
p. 43.

31 K.D. Efi rd, E.J. Wright, J.A. Boros and T.G. Hailey, Corrosion 49 (12), 1993, 
p. 992.

32 J.M. Esteban, G.S. Hickey and M.E. Orazem, ‘The Impinging Jet Electrode: 
Measurement of the Hydrodynamic Constant and Its Use for Evaluating Film 
Persistency’, Corrosion, 46 (11), 1990, p. 896.

33 A. Demoz, T. Dabros, K. Michaelian, S. Papavinasam and R.W. Revie, ‘A New 
Impinging Jet Device for Corrosion Studies’, CORROSION 2003/Paper #3322, 
NACE International, Houston, TX 2003.

34 G. Schmitt, C. Bosch, U. Pankoke, W. Bruckhoff and G. Siegmund, ‘Evaluation 
of Critical Flow Intensities for FILC in Sour Gas Production’, CORROSION 
1998/Paper #46, NACE International, Houston, TX, 1998.

35 A. Demoz, T. Dabros, K.H. Michaelian, S. Papavinasam and R.W. Revie, ‘A 
New Impinging Jet for Corrosion Studies’, Corrosion 60(5), p. 455 (2004).

36 J.C.C. Filho and M.E. Orazem, ‘Application of a Submerged Impinging Jet to 
Investigate the Infl uence of Temperature, Dissolved CO2, and Fluid Velocity on 
Corrosion of Pipeline-Grade Steel in Brine’, CORROSION/2001, Paper #1058, 
NACE International, Houston, TX, 2001.

37 J.M. Esteban, G.S. Hickey and M.E. Orazem, ‘The Impinging Jet Electrode: 
Measurement of the Hydrodynamic Constant and Its Use for Evaluating Film 
Persistency’, 46 (11) 1990, p. 896.

38 M. Bartos and J. Watson, ‘Oilfi eld corrosion inhibition under extremely high 
shear conditions’, CORROSION/2000, Paper # 68, Houston, TX, 2000.

39 S. Papavinasam, R.W. Revie, T. Panneerselvam and M. Bartos, ‘Standards for 
Evaluation of Corrosion Inhibitors for Oil-fi eld Applications’, Materials Perfor-
mance 46 (5), 2007, p. 46

40 S. Papavinasam, A. Doiron, G. Shen and R.W. Revie, ‘Prediction of Inhibitor 
Behaviour in the Field from Data in the Laboratory’, CORROSION/2004, Paper 
#4622, NACE International, Houston, Texas, 2004.





Part III
Corrosion monitoring in particular 

environments and other issues





15
Corrosion monitoring in
microbial environments

P I E R A N G E L A  C R I S T I A N I, Cesiricerca SPA, Milan, Italy

15.1 Introduction

In many cases, corrosion damage to industrial equipment cannot be directly 
attributed to ‘chemical’ effect. They are often referred to as microbial cor-
rosion, which ascribes the decrease of material performance to the activity 
of living micro-organisms. These kinds of phenomena are often observed in 
process waters as well as in cooling circuits, including the facilities exposed 
to simple air condensates. Nevertheless, it is indeed very diffi cult to dem-
onstrate exhaustively that these kinds of corrosion are due to a single cause 
because they usually involve complex systems both temporally and spa-
tially. Taking into account this concern, the ‘verdict’ should be almost always 
more properly ‘Microbial Infl uenced Corrosion’ usually abbreviated as 
MIC. A necessary condition for the development of MIC phenomena in 
industrial plants is the presence of a ‘biofi lm’ covering or underlaying the 
surface of the materials equipment.

15.1.1 Biofi lm

Biofi lm is the fi rst layer of biofouling growing on the surface of wetted 
structures in contact with natural waters, whose thickness can range from 
a few microns to a few millimetres. It is constituted by microbial cells (bac-
teria, fungi and algae) imbued in extra-cellular polymeric substances (EPS): 
a complex mixture of macromolecules such as polysaccharides, proteins, 
nucleic acids and lipids produced by the cells themselves (Wingender and 
Flemming, 1999). EPS facilitate cell adhesion to the substratum and give 
structural integrity to the biofi lm matrix (Sutherland, 2001). Depending on 
the environment (aerobic or anaerobic for instance), several inorganic pre-
cipitates enrich biofi lm.

Many metallic materials commonly utilised in plant can be affected by 
MIC. Stainless steel and copper alloys are no exception because the biofi lm 
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protects micro-organisms from the toxic effect of copper. The biofi lm 
enhances bacterial resistance against several external factors, including bio-
logical competitors and chemical biocides action, forcing the use of inten-
sive antifouling and disinfecting water treatments.

It is now acknowledged that bacteria form synergistic communities that 
are able to catalyse electrochemical processes within biofi lms and, typically, 
both the aggressive and inhibitory effects from the metabolism of bacterial 
population on corrosion reactions are due to complex interactions, involv-
ing corrosion products on the material surface, seldom linked to a single 
bacterial species (Geesey et al., 2000).

It must be stated that all the bacteria secreting organic acids and EPS or 
slime are able to play relevant roles in aerobic as well as in anaerobic envi-
ronments (Chandrasekaram and Dexter, 1993; Beech and Sunner, 2004; 
Wardell and Chamberlain, 1995).

Some representative specifi c types of bacteria that were demonstrated to 
infl uence corrosion of metals are sulphate-reducing bacteria (SRB) in 
anaerobic conditions, sulphur-oxidising bacteria (SOB), iron-oxidising/
reducing bacteria (IOB/IRB), and manganese-oxidising bacteria (MOB).

The cost of MIC is very high: in the particular case of heat exchangers 
20% of all the corrosion damages were attributed to this type of corrosion 
(Flemming, 1991) and a similar percentage was reported in other cases.

A study related to Italian power plants reports, at a fi rst approximation, 
that 50% of the corrosion cases of the condenser tubes might be prevented 
by better cleaning during the plant operation (Cristiani and Bianchi, 
1997).

15.1.2 MIC monitoring

A survey recently conducted by European specialists coming from uni-
versities, research laboratories and industries, on the basis of their per-
sonal experience (Cristiani, 2000) concluded that many techniques can 
be employed in the laboratory, and some of them can be used in the 
fi eld, for MIC monitoring. Even though some of the methods are very 
effective for monitoring biofi lm and others for monitoring corrosion, 
none of them can be used alone to effectively follow the development 
of microbial attack in all the possible combinations of metals, environ-
ments and biofi lms.

The corrosion rate, especially after the biofi lm overcomes the fi rst phase 
of its development, was found to be independent of parameters such as the 
biofi lm thickness, its roughness, or the number of settled micro-organisms. 
It is widely accepted that many of the metabolic products of micro-
organisms inside the biofi lm (enzymes within the EPS matrix, organic and 
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inorganic acids, as well as volatile compounds such as ammonia or hydrogen 
sulphide) can alter electrochemical processes at the metal/biofi lm interface 
(Geesey et al., 2000; Characklis and Marshall, 1990; Beech, 2002; Lee and 
Newman, 2003; Hamilton, 2003) and lead to MIC. Furthermore, the occa-
sional direct correlation between microbial metabolism and the corrosion 
rate has been well documented (Neal et al., 2003, Dinh et al., 2004).

Most of the MIC cases are reported as localized attacks and the localiza-
tion is connected to non-homogeneous morphology and ‘composition’ of 
the biofi lm. In fact, in a biofi lm the type of settled micro-organisms and the 
nature/concentration of their extra-cellular products can change over a 
distance of a few micrometres. Because of these facts, a wide range of 
monitoring approaches should be considered and tested before a suitable 
approach could be determined. The fi nal solution should be selected on a 
case-by-case basis, taking into account the type of material, the environment 
at the metal–biofi lm interface and, last but not least, the suitability for 
industrial applications.

In the case of stainless steels in aerated waters, the electrochemical moni-
toring devices proposed for direct evaluation of MIC risk must be consid-
ered as an exception to mature industrial application (see section 15.3).

15.1.3 Off-line biofi lm monitoring

The traditional way to document biofi lm presence involves the use of ‘hand-
made’ probes and coupons inserted directly into the plant facility, or in a 
by-pass of a process stream, and periodically collected for off-line analyses 
(Pope, 1987). Some systems for the exposure of samples are commercially 
available (for instance BioprobeTM by Petrolite (Texas, USA) and Robbin’s 
Device such as that used by Tyler Research Corporation (Alberta, 
Canada) (Nickel et al., 1985). Some of these systems can also be used in 
high pressure.

It is important to make test lines being representative of the real process. 
Indeed, as the positioning of the probes and the water fl ow infl uence the 
results strongly, they must be chosen to reproduce, at least, the same (or 
most critical) conditions.

Samples, in addition, must be made of the representative materials. It has 
been shown, in fact, that bacteria populations are colonised to varied extents 
on different materials, including metals, even though the planktonic bacte-
rial growth conditions are identical (Beech and Coutinho, 2003). Many 
analyses can be performed off-line (see Table 15.1), to gain better knowl-
edge of the structure and distribution of the collected biofi lm (Videla et al., 
1992).

There are already several tools and kits available on the market to 
analyse the biofi lm and to count the cultivable bacteria in it (see Table 15.2). 
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Some systems are able to give a rough quantifi cation of cell proliferation 
biomass measuring the cellular ATP (adenosine triphosphate) activity 
(Petty et al., 1995). The ATP assays are often based on the detection of the 
light produced by the reaction of ATP with added luciferase and D-luciferin 

Table 15.1 Off-line techniques used to document MIC

Analyses Technique Comment

Sampling Coupons Always necessary
Deposit analysis Determination of dry weight,

 Visual observation of
 corrosion products, slime,
 sludge

To document and quantify the
 corrosion case

Microscopy
 observations
 in plant

Stereo zoom microscopy,
 Optical microscopy,
 Epi-fl uorescence microscopy

Biofi lm observation in fi eld,
 Bacteria counts, ATP and
 bacteria count

Microscopy
 observation in
 laboratory

Scanning Electron Microscopy
 (SEM)
Environmental SEM (ESEM)
 for non-fi xed and wet
 samples

Fixed biofi lm observation and
 bacteria count
Living biofi lm morphology

X-Ray XPS (X photoemission
 Spectroscopy), EDS (Electron
 Diffraction Spectroscopy)
 microprobe

Chemical analyses of corrosion
 products and biofi lm
 components

Atomic Force Microscopy (AFM) Three-dimensional vision of 
 living biofi lm morphology

Confocal Laser Scanning
 Microscopy (CLSM)

Section analyses of living
 biofi lm layer allowing the
 three-dimensional vision of it

Chemical
 analyses

Colorimetric kits Analyses of corrosion products
 in plants

Laboratory techniques
Inductively Coupled Plasma (ICP)

Analyses of corrosion products
 in laboratory

Gas Chromatography (GC)
Gas Chromatography/Mass
Spectroscopy (GC/MS)
FT-IR (Fourier Transform Infra-
 Red spectrometer)

Analyses of chemical
 components of biofi lm (fatty
 acids, chlorophylls, organic
 compounds) in laboratory

Microbiological
 analyses

Coupons, dipstick, culture
 medium and laboratory
 equipment

Plate counts of
 micro-organisms

Immunological
 analyses

Colorimetric assays, ELISA-kits,
 luminometric assays,
 laboratory equipment

Detection of enzymes

Genetic analyses PCR (Polymerase Chain Reaction)
FISH (Fluorescence In Situ
 Hybridization), laboratory
 equipment

Amplifi cation and detection of
 DNA or RNA genetic matter
 in micro-organisms
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(BriteliteTM Perkin Elmer, MA, USA, TRACIDETM, Improchem, South 
Africa). ATP is present in all metabolically active cells and it declines very 
rapidly when the bacteria die and the cells decay.

Commercial kits can facilitate the analysis if the number of cultivable 
bacteria or the presence of some specifi c bacteria has to be assessed in 
plant procedures mandatorily (Pope, 1987). The simplest device contains 
dipsticks or glass beads (or coupons made of different materials) that can 
be removed for testing. They can be sonicated and the bacteria of detached 
biofi lm counted (plate count) or placed in a specifi c lysing solution for 
cellular ATP analysis. Otherwise, the beads may be treated with specifi c 
staining and directly observed under optical microscopy. Some commercial 
kits analyse specifi c enzymes (Enzyme-Linked ImmunoSorbent Assay, or 
ELISA test), for instance: the sulphate reductase, common to sulphate 
reducing bacteria (SRB) (RapidcheckTR Strategic Diagnostic Inc., Newark, 
DE, USA) as well as the hydrogenase responsible for the acceleration of 
corrosion through the rapid removal of hydrogen formed on the metal 
surface (Bryant et al., 1991) (Hydrogenase, Caproco International Inc. TX, 
USA).

Table 15.2 Off-line analyses of biofi lm components sustainable in plant

Analyses Technique Comments

Microbiological
 analyses

Plate count of total viable bacteria.
Plate count of specifi c bacteria
 (as anaerobics, iron-bacteria,
 pathogens etc.)
Kit for luminescent bacteria

Dipstick, kits and
 assays for in-fi eld
 application

Immunological
 analyses

Analyses of ATP
Analysis of APS (adenosine-5′
 phosphosulphate reductase,
 the enzyme reducing sulphate
 to H2S in SRB)
Analyses of hydrogenase (the
 enzyme removing hydrogen in
 SRB)

Kits for in-fi eld use

Staining DAPI (4′,6-Diamidino-2-
 phenylindole) epifl uorescent
 reactive to reveal 
 DNA
Acridine orange to reveal
 adenosine
Other stains to reveal specifi c cell
 components

Simple microscopy
 observation in
 laboratory 
 (epifl uorescent,
 optical microscopy)

Chemical analyses H2S; other specifi c chemical
 substance by bacteria
 metabolism

Kits for in-fi eld use
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Other kits specifi c to SRB analyse the development of hydrogen sulphide 
(SanicheckTR, Biosan Laboratories Inc., MI, USA; BTI-SRBTR, Bioindus-
trial Technologies Inc., TX, USA).

In addition to the methods listed in Tables 15.1 and 15.2, other analyses 
are possible and sometimes utilised, especially in laboratories for mecha-
nistic studies (Videla et al., 1992). These methods are usually time consum-
ing, expensive, complex and require expert people. However, simple visual 
observations of coupons and their viscid tactile sensation can provide a 
‘rough’ proof of biofi lm presence.

15.1.4 On-line fouling monitoring

A traditional approach for the on-line evaluation of fouling growth is the 
measurement of physical effects, such as the decrease of the heat exchange 
effi ciency and/or the increase of the friction factor, induced by biofi lm as 
well as other kinds of fouling (Hillman, 1985).

In power plants, because biofi lm is one of the major concerns for heat 
exchange effi ciency, the whole condenser can be used as a biofi lm sensor; 
the measurement of plant parameters such as the value of the condensate 
back pressure can provide information on the fouling developed on the 
condenser tubes. The same effects (heat transfer and pressure drop) can 
also be measured, on a piece of pipe mounted inside the condensers or in 
a by-pass.

Some of these monitoring devices are available on the market (for 
instance that by Bridge Scientifi c, US, Micheletti and Miller, 1993) some 
others are proprietary equipment (Stuart et al., 1990). Main disadvantages 
of physical devices are:

1.  They are not specifi c for biofi lm. Indeed they signal not only biofi lm but 
the growth on the condenser walls of the whole fouling, scale and even-
tual corrosion products.

2.  They are able to signal the presence of a biofi lm only if its thickness is 
≥30–40 µm (Characklis and Marshall, 1990; Chu and Mochizuki, 1985). 
As a consequence they do not provide information on the fi rst phase 
of the biofi lm growth, which is crucial for MIC. Furthermore, they do not 
reveal residual living micro-organisms that have survived the antifoul-
ing procedures, leading to a fast re-growth after treatment (Lewis, 1982).

Several on-line fouling sensors based on optical effects have also been 
developed. Optical fi bres detect all kinds of deposit, living or dead biofi lm, 
scale, etc. A simple fi bre optic device is based on light refl ectance mea-
surement (Bott, 1995). A differential turbidity measurement device is 
another optical method based on detection of the deposition of refl ecting 
material.
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The optical sensors could be employed particularly to detect fouling in 
high turbidity solutions (as in pulp and paper mills) and for non-conduct-
ing materials. Their sensitivity to the biofi lm layer could be bigger than 
that of pressure drop sensors (Flemming et al., 1998). The more sophisti-
cated Fourier Transform Infrared Spectrometry (FTIR) fl ow cell operating 
in the attenuated total refl ectance mode allows the detection of bacterial 
biofi lms as they form on a crystal of zinc selenide or germanium, and 
also gives information about the chemical nature of the deposit. In this 
case it could be possible to separate the signal coming from the different 
fouling components. However it is currently only limited to laboratory 
applications.

Optical systems are often exclusively licensed by manufacturers to a 
single service company (as in the case of Nalco Optical Fouling Monitors 
OFM (Wetegrove et al., 1996). Another recent system proposed by Nalco 
Ondeo company (IL, USA) for monitoring and on-line optimisation of 
biocide treatments in cooling towers, is a fl uorometer. It detects a fl uores-
cent molecule (bio-sensor) that interacts with both planktonic and sessile 
micro-organisms and changes its fl uorescence spectrum when added to 
re-circulating water (Hatch et al., 2003; Chattoraj et al., 2003).

There are a number of other methods employed for the measurement of 
biofouling. The Laser Light Scattering Device of Wyatt Industries (Santa 
Barbara, CA, USA) is a commercial system for bulk phase monitoring 
based on the detection of colloidal particles of bacteria by laser light scat-
tering (Wyatt, 1972; Wyatt and Jackson, 1989). In a method based on a ‘Mass 
Transport Device’, the estimation of the biofi lm thickness is obtained mea-
suring the tracer transport rate through the fouling layer on a gold elec-
trode. Other techniques require a quartz crystal microbalance or various 
sophisticated ultrasonic devices (Herbert-Guillou et al., 1999). Most of these 
methods have been developed only on a laboratory scale or they were used 
only in special applications, although they might have the potential for 
wider use.

15.2 Corrosion monitoring applied to MIC

15.2.1 Off-line method

The traditional and widely used system to detect and measure corrosion 
phenomena consists of metallic coupons inserted directly in the plant facil-
ity and then extracted for evaluation of the corrosion attacks. The advan-
tages and the disadvantages of this method are essentially the same as those 
already discussed regarding the off-line biofi lm monitoring method. There 
are essentially no limits to the number and complexity of the possible off-
line analyses (from simple weight loss to microscopic observation, corrosion 
products analyses, etc.) so that a detailed information on corrosion can be 
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obtained; in addition biofi lm can concurrently be studied and possibly cor-
related with the morphology and the propagation rate of the corrosion 
attacks.

15.2.2 On-line techniques

A number of traditional electrochemical techniques for on-line corrosion 
monitoring were employed to detect MIC in the laboratory and some in 
the fi eld (Borenstein, 1994). The criteria in the selection of the measure-
ments are mainly related to:

• nature of the metals to monitor (carbon steel, passivable alloys, etc.)
• environmental conditions (aerobic, anaerobic)
• physico-chemical characteristics of the water (temperature, fl ow, con-

ductivity, chemical treatments, pH)
• applications (fi eld, plant, laboratory).

Linear polarisation resistance (LPR)

Several commercially available and relatively cheap devices are available 
for the measurement of the uniform corrosion rate on metallic coupons 
based on the LPR technique (see Chapter 3). In its basic form, a potentio-
stat is used to move the potential of the coupon a few mV (normally at 
maximum of 10 mV) near its free corrosion potential and to concurrently 
measure the current (ASTM Standard G96-90 (96)). Assuming that in the 
aforementioned small potential range, the current is proportional to the 
potential shift, and the so called ‘linear polarisation resistance’, Rp is evalu-
ated using Ohm’s law. Stern and Geary showed that, in case of uniform 
corrosion in conductive acid solutions, corrosion rate is inversely propor-
tional to Rp.

Taking into account that this technique is relatively easy to perform not 
only in the laboratory but also in the fi eld and that it is able to provide 
information in real-time on corrosion rate, the LPR method was applied 
also in environments different from the ones in which it was originally 
defi ned. Indeed this technique was also applied to study MIC on iron in a 
neutral anaerobic environment, on copper alloys in condensers treated with 
biocides and so on. It should be noted that the data provided by the LPR 
technique cannot always be accepted without additional information. One 
of the reasons is that the method refers to uniform corrosion, but localised 
corrosion often happens in MIC. The other reason is that the presence of 
corrosion products on samples exposed to a neutral environment can make 
the interpretation of the data very complicated (see Borenstein, 1994, for 
instance); LPR measurements on carbon steel under anaerobic conditions 
and in the presence of sulphide (5 mg/L or more) creates a risk of very large 
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errors due to the formation of porous corrosion products (Hilbert, 2000). 
Also the potential scanning rate during LPR measurement can play an 
important role: due to a high capacitive current, LPR technique was found 
to overestimate corrosion rate of carbon steel in an anaerobic SRB environ-
ment and, attempting to reduce this effect, very long measurement times, 
in the range of hours, were found necessary (Hilbert, 2000; Little et al., 
2000). Really the value of the resistance measured with the LPR technique 
is the sum of the true polarisation resistance Rp and of the solution resis-
tance Rs between the coupon and the reference electrode: a large Rs caused 
by low conductivity of the electrolyte (such as in some potable waters) can 
result in a large error in the evaluation of the corrosion current. Data pro-
vided by the instrument must be corrected when the conductivity of the 
electrolyte is lower than about 0.5 mS cm−1 depending on the probe geom-
etry (Perboni and Radaelli, 1998). These low values are often found, for 
example, in fresh waters, tap waters, boiler waters and so on.

The geometry of the electrodes and the fi nishing of its surface can play 
a determinant role in MIC monitoring more than any other kind of corro-
sion for high conductive waters, such as seawater, because the biofi lm 
growth is strongly infl uenced by the value of water fl ow rate and surface 
roughness. 

Finally, the following suggestions should be taken into account in the 
installation of the electrochemical cells:

• Use the same kind of alloys that are used in the plant for the electrodes
• Use electrodes with the same surface fi nishing and corrosion stage 

development as actually occurs on the surface of the materials operating 
in the plant

• Use electrodes with the same geometry as the monitoring equipment 
(tubes of a similar diameter for heat exchangers, tubes or pipelines, or 
plates for wall or plate exchangers and so on)

• Make sure that the water fl ow on the electrodes is representative of the 
plant condition to be monitored

• Make sure there are no thick or abundant deposits on the electrode 
surfaces.

Figure 15.1 shows an example of an LPR probe set-up used in industrial 
MIC environments.

Redox potential and open circuit potential measurement (OCP)

These measurements are very easy to perform both in the laboratory and 
in the fi eld: they require an electrometer, a reference electrode, a platinum 
wire for Redox and a metallic coupon whose corrosion is evaluated. (see 
Chapter 7). The Redox potential is used in plant mainly to establish whether 
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aerobic or anaerobic conditions are developing in water, or oxidant biocides 
are decaying in the solution.

Open circuit potential may give information about the passivation layer 
of metals and the thermodynamic risk for the integrity of the protective 
layer. Problems during in-fi eld applications can occur if the reference elec-
trode is not stable in the chosen environment. Zinc and commercial silver/
silver chloride reference electrodes were found suitable for seawater; 
copper/copper sulphate reference electrodes have been found to be stable 
in soils. This technique does not give information on the actual corrosion 
rate and, if not integrated with other techniques, it could provide ambiguous 
indications about MIC (Borenstein, 1994).

The following are two examples concerning the use of OCP and Redox 
potential measurements:

• a high Redox potential suggests that planktonic bacteria are mainly 
aerobic but the corrosion of a metal exposed in the same environment 
can occur under a thick biofi lm, at the bottom of which a prevailing 
anaerobic bacteria population may be present because the oxygen dif-
fused from water is totally consumed in the upper biofi lm layers
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15.1 (a) Schematic of LPR technique. (b) Image of the electrochemical 
cell inserted in a test line of plant by-pass.
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• a low free corrosion potential measured on an active-passive alloy can 
indicate corrosion in a passive state, i.e. a low general corrosion rate, in 
an anaerobic environment or, on the contrary, severe localised corrosion 
in an aerated one.

Electrochemical Impedance Spectroscopy (EIS)

The instrument used for the Electrochemical Impedance Spectroscopy 
(EIS) measures the impedance, in a wide frequency range, between a metal-
lic coupon and a reference electrode.

In practice a small sinusoidal potential perturbation (<10 mV in ampli-
tude) at a given frequency is added to the free corrosion potential and, 
joined with the resulting alternating current, sent to a frequency response 
analyser; the result of the analysis is the value of the electrode impedance 
at the tested frequency; the procedure can be repeated at other frequencies 
chosen over a wide possible range (e.g. from mHz to MHz, see ASTM 
G106-89, 1994) so that the impedance spectrum is obtained.

From the impedance values respectively measured at high and low fre-
quencies the values of the solution resistance (Rs) and polarisation resis-
tance (Rp) can be obtained, so that the main disadvantage of the LPR 
method when applied in a low conductivity solution is eliminated.

By looking at the trend of the impedance values in the intermediate fre-
quency region, one can obtain additional information (double-layer capaci-
tance, diffusion phenomena, etc.) about the corrosion mechanism. The 
analyses of the data are usually complex and must be done by experts. As 
a result, this technique for mechanistic studies is more applicable in the 
laboratory than in the fi eld. Nevertheless if a ‘model’ for data interpretation 
in the considered system is already known the analysis of the data is greatly 
simplifi ed.

Specifi c tentative studies were made in laboratory experiments with EIS 
to verify whether the formation of a biofi lm affects the value of Rs, mea-
sured as a real part of the impedance at high frequencies. Unfortunately, 
the EIS technique was unable to reveal clearly the fi rst crucial phase of 
biofi lm less than about 200 µm in thickness (Feron, 2002). Nevertheless, 
other authors (Nagiub and Mansfeld, 2002) are using this technique exten-
sively at laboratory level to study MICI (microbial infl uenced corrosion 
inhibition); they monitored, for instance, specifi c strains of Shewanella sp. 
able to provide excellent corrosion protection of Al 2024.

Electrochemical Noise (EN)

The EN technique consists of the measurement of spontaneous fl uctuations 
(no external signal is applied) of the potential or of current between two 
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identical metal samples as a function of time (see Chapter 4). This technique 
was able to detect the initiation of localised corrosion, which is the most 
important feature of MIC (Little et al., 2000), but it does not provide infor-
mation on the corrosion propagation rate.

Researchers at Argonne laboratories (Tennessee, USA) have developed 
an online, real-time method to detect sustained localized pitting (Lin et al., 
2003). This approach includes new software and improved probes to inter-
pret real-time electrochemical noise signals.

Because this technique is relatively easy to apply, EN appears suitable 
for increasing applications in the fi eld. The technique is limited by the need 
for particular instrumentation and expert people for data analysis/interpre-
tation. Laboratory applications of EN coupled with corrosion rate measure-
ments permit the study of the infl uence of SRB and other organisms in 
promoting the pitting corrosion of iron in reinforced concrete. In particular, 
different steps of growth/rupture of the iron sulphide fi lm on the metal 
surface were documented (Moosavi et al., 1986). Results demonstrate that 
bacteria are preferentially attracted to iron corrosion products, these last 
determining their spatial distribution (Little et al., 2000).

Electrical Resistance (ER)

The measure of the Electrical Resistance (ER) of a metallic sample can be 
used to evaluate the thickness decrease of the sample due to corrosion (see 
Chapter 11). The measurements give cumulative corrosion but, if measured 
as a function of time, they can provide an almost real time average corro-
sion rate. Sensitivity depends on the design of the probes and on the instru-
mentation; probes can be designed with different sensitivities and expected 
lifetimes. A new, improved highly sensitive ER-technique probe (by Metri-
Corr, Denmark) has increased sensitivity and reduced the response time to 
the levels of other electrochemical techniques such as LPR. The advantage 
of ER is that this technique can be applied in any media, without limitation 
regarding the conductivity of the solution (Nielsen and Nielsen, 2003), and 
the data analysis is very simple. ER is therefore a widely used monitoring 
technique and has the potential to be useful also for MIC.

Precipitation of semi-conducting ferrous sulfi des on ER probes does not 
seem to affect accuracy in the ER measurements when comparing weight 
loss, or in the low activity SRB media. The risk of underestimation is often 
the major reason for not recommending ER for sulfi de media (the opposite 
is the case with LPR), but it seems that with proper sensor design and by 
avoiding probes that may short circuit, the error will be small due to the 
lower conductivity of ferrous sulfi de to that of steel (Hilbert et al., 2005). 
The main disadvantage of this technique is that the basic hypothesis of 
uniform corrosion is seldom respected in MIC.
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Other techniques

Other various sophisticated electrochemical methods have been experi-
mented: large signal polarisation techniques, random potential pulse 
method, electrochemical relaxation methods (programmed pulse relax-
ation, sinusoidal AC relaxation), scanning vibrating electrode techniques (a 
review in Schmitt, 1997). Various micro-sensors have also been used (Lewan-
dowski et al., 1988), but these tools at this moment remain useful mainly 
for laboratory studies in full controlled ‘microcosmos’.

In the fi eld, macroscopic MIC cases concern the oil industry pipeline. In 
a large waxy crude oil pipeline under low fl ow conditions, MIC corrosion 
is more of an issue, expecially for older fi elds where reservoir pressure is 
being supported by water injection. Mitigation methods usually involve 
periodic biocide treatments of the pipeline.

The monitoring of corrosion in the pipelines requires the use of in-line 
inspection (ILI) tools often consisting of ‘intelligent pig runs’ equipped with 
devices and sensors. ILI tools are forced to pass through the pipeline driven 
by the fl uid fl ow or towed by a vehicle or cable. The most common tech-
nologies used for pipeline inspections are Magnetic Flux Leakage (MFL) 
and Ultrasonics (UT) associated with geometry measurement tools. The 
information which can be provided by these intelligent pigs covers a much 
wider range of inspection and troubleshooting needs, they are not specifi c 
for corrosion, but often the MIC monitoring programmes refer to the data 
collected with that facility (Farquhar et al., 2005).

The fi eld signature method (FSM, CorrOcean ASA, Norway), is one 
of the techniques applied to monitor corrosion inside buried pipes and 
subsea fl owlines. It is a variant of the ER technique (see Chapters 11 
and 28): an array of metallic pins (electrodes) are fi xed on the external 
surface of a specially prepared section of pipe in which an aggressive 
solution fl ows. A known direct current is applied and it fl ows through 
the pipe wall. Voltage drops between the pins are recorded as a function 
of time and converted into losses of the wall thickness in different areas 
of the pipe. The sensitivity is claimed to be 1/1000 of wall thickness, or 
better, in case of general corrosion.

The non-uniformity of the attack can be revealed if the spatial resolu-
tion of the pins is high. For example, a resolution of less than 12 mm 
for the distance between the pins may reveal a pit of 2 mm × 2 mm × 
2 mm in a plate 24 mm thick. For corrosion control the pipe section for 
FSM is designed to last over the total operational lifetime of the struc-
ture and can be engineered for a variety of situations and geometries, 
e.g. a pipeline on the seabed. This technique is obviously quite expensive 
and the number of electrodes fi xed on the pipe wall can be very high 
if a good resolution for localised attacks is required. In practice the 
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sensitivity is not high enough for monitoring initiation of pitting and 
small attacks.

In addition the formation of sulphide layers generated by SRB might 
complicate the signals, as in the cases of ER probe and also the LPR probe.

15.3 Electrochemical sensors for the evaluation

of MIC risk

In industrial practice, it is obviously more important (and more effective) 
to prevent MIC and minimise corrosion risk than monitor the evolution of 
corrosion phenomena. In this light, during recent years some innovative 
electrochemical probes for MIC prevention were proposed and imple-
mented for application in plants. The working principle of these sensors is 
based on an effect of the biofi lm initially observed on stainless steel exposed 
to aerated seawater: the increase of oxygen reduction when biofi lm covers 
the metal surface.

This phenomenon, often known as ‘cathodic depolarisation’ (Mollica and 
Trevis, 1976; Mollica et al., 1990; Mollica, 1992) was repeatedly observed 
later by several researchers (Ishihara et al., 1995; Eashwar and Marutha-
muthu, 1993; Videla et al., 1989; Lee et al., 1984) so that it is now widely 
recognised as a ‘property’ of marine biofi lm. The same effect was later 
observed in other natural waters such as estuarine, river (Dexter and Zhang, 
1990; Maruthamuthu et al., 1995), in wastewaters and in mineral waters 
(Cristiani, 2005b). It is also widely accepted that the ‘cathodic depolarisa-
tion’ is a common cause of MIC on stainless steel (and similar active-passive 
alloys) in seawater: indeed it was shown that, as a result of a gradually faster 
oxygen reduction induced by biofi lm growth, the probability of localised 
corrosion onset increases, the propagation rate of localised corrosion is 
faster and the galvanic current between passive alloys and less noble alloys 
present in the plant becomes higher (Licina, 1989; Scotto et al., 1985). It 
follows that a device able to signalise the fi rst appearance of biofi lm activity 
can be used to signalise the presence on the metal surface of MIC risk.

Although there are variations in the different techniques, all the elec-
trochemical devices to monitor biofi lm currently on the market reveal 
biofi lm activity as they infl uence cathodic depolarisation and other anodic 
effects. Examples of electrochemical devices includes the BIoGEORGETM 
probe (by Structure Integrity Associates, USA) suitable for detecting 
biofi lm effects induced by aerobic or anaerobic bacteria, and the BIOX 
probe (by CESI, Italy), set up to detect also cathodic processes due to 
oxidant biocides added to water. The BIoGEORGE and BIOX probes 
will be described in detail in Sections 15.3.1 and 15.3.2. Despite the sim-
plicity of the probes, these devices are extremely sensitive to the effects 
generated by biofi lm during the fi rst phases of growth.
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It must be noted, in addition, that these electrochemical sensors are able 
to signalise the biofi lm also in the presence of complex fouling on the metal 
surface (scale, deposits, mud, etc.)

The main limits of the electrochemical biofi lm sensors are:

• they cannot be used if temperature is higher than about 40 °C (at higher 
temperatures ‘cathodic depolarisation’ induced by biofi lm growth 
decreases)

• they signalise the biofi lm growing on the surface of a stainless 
steel (or titanium) sample but the biofi lm growing on the surface 
of different alloys exposed in the same environment can be 
different.

15.3.1 BIOGEORGE system

BIoGEORGETM (Structural Integrity Associates, USA) was the fi rst system 
commercialised. It utilises a potentiostatic technique: an electrode made of 
a series of stainless steel discs (or titanium discs for saline waters) is polar-
ised at a fi xed cathodic potential, with respect to an identical stainless steel 
electrode, for one hour a day. The resulting current reaches a fi xed potential 
drop between the two electrodes and the residual current measured when 
the external polarisation is switched-off (measured every 10 minutes during 
the rest of the day), is used as an index of the biofi lm development on the 
probe surface. A gradual increase of the measured current (the fi rst ‘applied’ 
during the polarisation and the second ‘generated’ after polarisation) is a 
result of biofi lm development.

Possible explanations of the generated current circulating in the 
biofouled probe may be as follows. Different polarization is applied 
on each disc of the electrodes inducing the development of different 
biofi lms (which may be ‘patchy’ or continuous) on each electrode. These 
biofi lms include non-homogeneous microbial populations as number 
and kind of micro-organism (Licina et al., 1990; Licina and Nekoksa, 
1993). Difference in anaerobic species was documented on cathodi-
cally protected structures (Guezennec, 1991; Nekoksa and Gutherman, 
1991).

A specifi c electrochemical condition occurs on the anodic sites of the 
probe during polarization, such as local pH decreases. Inhibition of biofi lm 
development by decreasing the seawater pH to 6.3 has been documented 
on stainless steel and other active-passive alloys (Cristiani et al., 1995). 
When polarization has stopped, the shift of the free corrosion potential 
induced by biofi lm only on the cathodic sites sustains the current fl owing 
between the electrodes. In Figs. 15.2 and 15.3 the BIoGEORGETM probe 
and typical graphics are reported.
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The commercial system consists of a cylindrical probe, its integrated elec-
tronics, interconnecting cable, display software, user’s manual, and product 
support.
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15.2 BIoGEORGETM system: electronic probe (a,b) and schematic of 
the probe (c) showing the two electrodes made of the same materials 
but alternated on the probe surface.
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Probe status is indicated on the integrated electronics enclosure by an 
LED indicator (red light/green light) on the controller. The controller 
compares the applied and generated currents to baseline levels for each 
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15.3 BIoGEORGETM typical graphics of signal trend. The graphic (a) 
shows the signal trend in a cooling water circuit during the 
optimisation of sodium hypochlorite treatment (TRO = 0.6 mg Cl2/L). 
Status Code: 1,0 = Clean, 2,0 = Waiting to establish baseline, 3,0 = 
Fouled/Alarm. Graphic (b) shows the start of biofi lm growth on 1 
March (the alarm parameter for ‘Ia’ was signifi cantly increased) and 
the effect of chlorination injection on 5 March.
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current type. When the applied or generated current deviates from the 
steady baseline (that is indicative of a clean probe surface, green light), 
an alarm (red light) is indicated. A yellow light appears as the system is 
establishing a steady baseline condition.

The probe can be installed into a piping system or side stream via a 1-inch 
or 2-inch threaded connection. Special probes can also be built for ‘hot tap’ 
type fi ttings or fl ow-through probes. The unit operates on 110 or 220 VAC 
and has built-in battery backup. System data can be downloaded to the 
user’s PC. Software is included with the system for analysing the data and 
creating detailed trend plots.

The sensor can work in different kinds of industrial water, including sea-
water as well as water with the lowest conductivity and in anaerobic condi-
tions (Licina and Nekoksa, 1993). There are many industrial applications of 
BIoGEORGETM, for instance in nuclear and thermal power plants, cooling 
towers and in gas fi eld produced waters, since the 1990s (Licina, 2001; 2004; 
Fallon and Licina, 2004; Andrade, 2006).

15.3.2 BIOX system

The BIOX system was developed specifi cally to improve the antifouling 
treatments of cooling systems of industrial plants (Cristiani and Giancola, 
2000; Mollica and Cristiani, 2002). The system utilises an electrochemical 
probe in a specifi c confi guration allowing the continuous detection of two 
phenomena: the aerobic biofi lm growth on the working electrode and the 
cathodic effect of oxidant biocides added to the water (such as chlorine, 
bromine, chlorine dioxide, hydrogen peroxide, peracetic acid, ozone and 
others) (Cristiani et al., 2001; 2004, Cristiani, 2005a).

The probe consists of a bi-metallic couple: a stainless steel sample is 
coupled to a zinc electrode through a high resistor which strongly limits the 
galvanic current (Fig. 15.4). This assembly simulates a quasi-intentiostatic 
technique and the evolution of ‘cathodic depolarisation’ on stainless steel 
induced by biofi lm development is signalised by an increase in the ohmic 
drop across the resistor. The design of the BIOX probe permits its applica-
tion also in low conductivity water.

The electrical voltage across the resistor is the BIOX signal and falls 
in the range of 300–1400 mV. A typical trend of the BIOX signal in 
the presence of chlorine and during biofi lm growth is reported in Fig. 
15.4.

In the case of the addition of oxidant (chlorine for instance) to the solu-
tion, the probe response is immediate. In the case of biofi lm growth on to 
electrodes the time response is considerably longer, because several days 
may be required to completely cover a clean probe with biofi lm. By analys-
ing the probe signal trend under regular operation conditions, it is possible 
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clearly to distinguish the contributions of the two phenomena. The Indus-
trial BIOX system (Fig. 15.5) consists of a dedicated industrial computer 
with a monitor showing a signals trend, one or more probe set, integrated 
electronics, interconnecting cable, software, user’s manual, and product 
support. Each probe set generally consists of a BIOX tubular electrochemi-
cal sensor of internal diameter of 16–20 mm and, optionally, with a titanium 
cathode, a temperature meter and a fl ow-meter. The data video graphic 
output on the monitor permits a complete on-line visual check of biocide 
oxidant treatments. All stored data can be shown on site or exported to 
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15.4 BIOX probe (a) and schematic (b). Typical graphic of the signal 
(c) showing the trend in the case of chlorine addition in the water or 
biofi lm growth on the probe. Two micrographs of marine biofi lm, 
corresponding to two different levels of the signal: low (d) and close 
to saturation (e).
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other programs by a fl oppy disc drive, a USB port or by remote control. 
Default measuring is every 10 seconds and data storage is every 30 seconds. 
It is also possible to vary the frequency. This last aspect permits the acquisi-
tion of details of signal trends during treatment based on a short biocide 
dosage.

In seawater, it was found that BIOX was able to clearly signalise the 
corrosive effects generated by a biofi lm covering close to 1% of the 
surface area of the stainless steel cathode (i.e. a number of settled bacteria 
in the order of 106 bacteria/cm2). Further biofi lm development generates 
a signal almost proportional to the surface coverage; the signal provided 
by the sensor goes to saturation when biofi lm coverage reaches a value 
close to 100% (i.e. a number of settled bacteria in the order of 108 bac-
teria/cm2). An additional increase in the amount of biofi lm is no longer 
signalised.

The sensitivity of the probe to the oxidants depends on the nature of the 
oxidant but, generally, falls in the range of concentration normally useful 
for antifouling treatments. The linearity of the slope with respect to the 
concentration of biocide oxidants results less in fresh water than in seawa-
ter, but concentration in the range 0.2 to 1 mg/L of chlorine can be 
effectively detected in every kind of water. In seawater, concentrations of 

BIOX
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Flow

Temperature

Computer

Biox probe

T° probe

Flowmeter
out flow

(a)

(c) (d)

(b)

in flow

15.5 Industrial BIOX system: schematic of the system (a), computer 
box installed in a power plant (b), probe set (c), layout of the 
computer display (d).
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0.02 mg/L of chlorine dioxide have been effectively detected as well as 
concentrations of 1–10 mg/L of peracetic acid.

Tests confi rmed that the BIOX sensor can work in the same confi gura-
tion in seawater as well as in river water and mineral water with low 
conductivity (>50 µS/cm, Fig. 15.6), signalising a growth of between about 
106 to 107 bacteria/cm2 (Cristiani, 2005b). Confi rmation came from several 
fi eld applications performed with the BIOX system in environments such 
as river water, drinking water, re-circulated waters, wastewaters. The base-
line value of the BIOX signal is not signifi cantly infl uenced by temperature 
in the range of 5–40 °C, or by sunlight as shown in Fig. 15.7. Decrease in 
pH is clearly detected with an increase of the signal as shown in Fig. 15.8. 
The pH effect is of particular relevance in the case of monitoring in 
cooling tower circuits. The BIOX signal fails in the case of signifi cant 
developments of anaerobic bacteria in the biofi lm and in anaerobic water 
environments.

This probe is not affected by carbonate formation on the cathode, because 
of the very low circulating current. The presence of metal ions (ferrous ion 
for instance) or the high temperature of the water (more than 32 °C) can 
promote the growing of inorganic scale on all the surfaces exposed. When 
metal deposit or thick scale covers the electrodes, the signal baseline falls 
below its normal value, indicating the necessity to clean the probe. The 
cleaning operation of the probe can be done by mechanical scrubbing or 
chemical treatments taking a few minutes, fi lling the probe with (or circulat-
ing) hydrochloric acid 5% for few minutes.
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Because of the promising results obtained for the fi rst applications, the 
BIOX system is now used alone or integrated with other corrosion monitor-
ing techniques in order to optimise different kinds of industrial antifouling, 
anticorrosive and disinfecting water treatments. Some tests are still in prog-
ress for the application of a new version of the system in soil.
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15.4 Integrated on-line monitoring systems

Usually, the same chemical treatment performed against biofi lm growth in 
industrial facilities is targeted to prevent deleterious effects other than MIC, 
such as the reduction of heat exchange effi ciency, increased friction factor 
or the development of pathogen micro-organisms in the water. Neverthe-
less, it must also take into account the fact that biofi lm enhances bacterial 
resistance against several external factors, including biological competitors 
and the action of chemical biocide, which forces operators to use more 
intensive disinfection programmes than those effective in breaking down 
the sole bioburden of bulk water. On the other hand, biocides could play 
an active role in corrosion development processes in particular the oxidant 
agents which are utilized most. They could also be involved in environmen-
tal concerns, because of the discharge of residuals and by-products (Rook, 
1974; Symons et al., 1996; Jenner et al., 1997).

In these cases a higher level of attention is required to reach treatment 
optimisation. It means, in practice, that an effective monitoring system must 
be able, at least, to signalise on line and in real time if treatments and pro-
cedures applied are to play the role of a corrosion inhibitor and provide 
information to rationalise, and then minimise, the application of these pro-
cedures. Furthermore, the biocide dosage, in many cases, is mixed or alter-
nated with other chemicals. The phenomena commonly affecting the 
industrial process/cooling waters that should be controlled by the chemical 
treatment include macrofouling growth, scale deposition and chemical pol-
lution (see Table 15.3). In the light of all these aspects, reliable monitoring 
of the water treatment (anticorrosive, antifouling or disinfecting) results in 
the best way to prevent MIC and the other negative, correlated risks.

At this level of knowledge a reasonable amount of ‘cross-validated’ infor-
mation can, normally, be provided by a set of a few sensors concurrently 
working in the plant associated with the MIC risk. The number and type of 
these sensors depends on the specifi c environment, the metal(s) utilised in 
the plant and the nature and sensitivity level of the requested information 
(see Tables 15.3 and 15.4). One important conclusion to the experience 
collected from the case histories was to verify, by comparing the data from 
the different devices employed in the practical applications, that complete 
or suffi cient information is often achievable from a single electrochemical 
MIC risk monitoring device, operating on-line and in real time.

The base system, from the author’s experience, includes a single electro-
chemical probe, a fl ow meter and a temperature meter in the standard 
confi guration of the BIOX system, but the BIoGEORGE system associated 
with other commercial sensors and hand-made coupons should also work 
well in several similar applications. A data acquisition system and a com-
puter (used for the storage/elaboration/presentation of the data) has to 
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complete the monitoring system in any case. An additional electrochemical 
cell, made with material from monitoring equipment using the LPR tech-
nique is necessary when the corrosion rate monitoring is requested.

Other on-line sensors such as a turbidimeter (in open circuits), a pH 
meter or Redox measurement (in cooling towers) may be useful. In the 
latter case, when scale deposition represents the main topic, a scale sensor 
could be equally useful, but reliable sensors for industrial application 
need to be assessed. In the case of chlorination treatments, it must be 
taken into account that most of the commercially available systems to 
monitor the TRO (Total Residual Oxidant) on-line work quite well in 
fresh and drinking waters (the amperometric ones in particular, commonly 
used in swimming pools, drinking water plants and so on), but very few 
of them, based on colorimetric or potentiometric measure (Mod. ORION 
1770, Thermo Scientifi c, USA for instance) are able to give correct and 
effective measurements in seawater, least of all in cases of concentration 
less than 0.2 mg/l. A set of sample coupons for weight loss determination 
and visual observations of biofouling and corrosion (Fig. 15.1) may be 
inserted in the test line to collect additional confi rmation of the phenom-
ena monitored.

In the case of macrofouling risk (algae, hydroids, mussels and other sessile 
organisms), specifi c panels (concrete, ropes and plastic supports) can also 

Table 15.3 Stages/kinds of fouling sensible to the chemical treatments of 
industrial waters

Stage of fouling Typical application

First stage of living biofi lm
 growth

Wide range of application for MIC risk
 assessment

Stage of biofi lm infl uencing
 process parameters

Biofi lm with micro-organisms
 producing toxics,
 pollutants

Food industry, pharmaceutical industry,
 desalination plants, demineralisation
 process (membranes), heat exchangers

Clusters of micro-organisms
 in the bulk waters (total
 viable bacteria, specifi c
 bacteria as pathogens,
 fungae, moulds,
 micro-algae)

Process waters of food industry,
 pharmaceutical industry, wastewaters,
 drinking water, pulp and paper industry,
 cooling towers

Algae, macrofouling
 growth, larval settlement

Open cooling circuits, cooling towers

Solids, organic matters,
 oils

Wastewaters, drinking water plants

Scale deposition Fresh waters, cooling towers, re-circulating
 waters, hot waters
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be immersed at a critical (but reachable) point of the plant. This is typically 
the case of open marine cooling circuits.

Microbiological kits for bacterial counts could be useful only in the spe-
cifi c cases where the bioburden of bulk water has to be necessarily con-
trolled (as in wastewater or re-circulating systems).

Table 15.4 On-line sensors used for integrated monitoring of corrosion, biofi lm 
and industrial water treatments

Parameter Sensors Application

Biofi lm growth BIOX probe Almost always
BIoGEORGE probe

Corrosion rate Corrosion-meter When corrosion phenomena
 or the metal passivation
 processes have to be
 monitored

LPR cells

Oxidant biocide
 concentration
 (above 0.2 mg/L
 of chlorine)

BIOX probe For oxidant biocide treatments
 (chlorination and the others
 based on bromine,
 chloramines, chlorine
 dioxide, peracetic acid,
 hydrogen peroxide, ozone,
 etc.)

Redox probe
Amperometric systems
Colorimetric systems
Sens-ion probe

Oxidant residual
 concentration
 (below 0.2 mg/L
 of chlorine)

Total Residual Oxidant
 sens-ion probe

To control very low residual
 concentration at the discharge

Colorimetric systems Amperometric systems work
 best in fresh, clean watersAmperometric systems

Non oxidant
 chemicals

Colorimetric systems Water treatments alternative to
 chlorination, such as
 quaternary ammonium salts
 or fi lming amines

Specifi c systems

pH pH-meter Fresh waters, cooling towers
Redox potential Redox potential-meter Wastewaters

When the aerobic condition
 has to be monitored

Temperature Thermometer For optimisation of biocide
 dosage according to
 season
In case of macrofouling risk
 monitoring
For optimisation of scale control
Supporting the precision of
 other measurements

Water fl ow Industrial fl ow-meter Always in the cases of test line 
 in by-pass: to be sure to have 
 the same fl ow in the measure 
 line as in the plant facility
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15.4.1 Costs of monitoring equipment

The cost of each sensor mentioned above is not very high. The most 
expensive is the on-line Total Residual Oxidant Meter for seawater 
applications (more than 10 000 US$). This sensor needs analytical chemi-
cal supply and frequent maintenance (at least monthly). Consequently, 
the use of that sensor is suggested only when a very low concentration 
of oxidant (chlorine less than 0.2 mg/L for instance) needs to be rigor-
ously controlled, typically at the discharge of open cooling circuits. In 
these cases, the device must be installed for the other monitoring probes 
requiring an extra cost to collect the output signal. The computer and 
the data acquisition system is the most critical and expensive component 
of the integrated monitoring system, especially when an industrial com-
puter is preferred to solutions with remote control, because the industrial 
environment (coal dust, atmospheric agents, humidity, high temperature, 
etc.) is deleterious for the standard electronic components. Commercial 
software developed for specifi c applications is already available (e.g. in 
BIOX, BIoGEORGE and LPR commercial systems). The most complex 
ones are able to drive both the LPR electrochemical measures and the 
acquisitions of all the other probe signals (e.g. the software for the 
Integrated BIOX system). The cost depends mainly on the number of 
probes and to the application.

The basic BIOX and BIoGEORGE systems cost about the same they 
are a bit more expensive than the LPR commercial systems. The electrodes 
for LPR probes, the coupons of metal samples and the supports for mac-
rofouling may be prepared in situ using the material coming from the 
equipment/circuit of the plant. On-line sensors and the cases in which they 
had been frequently integrated into the loop are summarised in Table 15.4. 
In Section 15.5, some examples of integrated monitoring systems for MIC 
risk prevention applied in industrial plants to optimise water treatments 
are described.

15.5 Case histories

15.5.1 Inhibition of crevice corrosion on stainless steel

Several fi eld tests were conducted to determine whether electrochemical 
sensors can really be utilised to minimise corrosion problems in plants and if 
these sensors are reliable for long term application without maintenance. The 
results of a test lasting one year in 1996 (Mollica and Scotto, 1996) are briefl y 
described as follows.
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In the tests, seawater was pumped, once, through a series of tubes of 
external diameter 25 mm, wall thickness 1.5 mm, made of stainless steel 
(UNS31600). In order to promote the onset of localised corrosion the stain-
less steel tubes were connected using rubber hose which was pressed on the 
external surface of the stainless steel tubes: in this way artifi cial crevices are 
pre-formed on the metal under the rubber. An electrochemical probe, in 
the confi guration of a BIOX sensor, was inserted at the end of the test line. 
It was utilised to evaluate an antifouling procedure to apply to the stainless 
steel tubes and to the sensor itself.

When the BIOX signal was increased above a prefi xed value (as a 
result of the biofi lm growth), a single standard chlorination (at 0.5 mg/L 
for 30 minutes) was started automatically and chlorine was added in the 
middle of the test line, leaving half of the samples upstream unchlorinated. 
At the end of chlorination, the biofi lm on the probe was partially destroyed 
and, as a consequence, the BIOX signal decreased. When new biofi lm 
was growing, the above described procedure was automatically repeated. 
The test started in August 1994 with the seawater temperature close to 
28 °C. During the year the temperature fi rst decreased to about 14 °C in 
winter and then rose again to 28 °C in the following summer. No main-
tenance was applied to the probe during the test. The trends of the signal 
provided by the sensor indicate that during the two summers, it was 
judged suffi cient to apply a single chlorination approximately every 1.5 
days. In winter the sensor indicated that only one chlorination was suf-
fi cient about every six days as a consequence of decreased biological 
activity.

The tubes exposed to untreated seawater were heavily fouled whereas 
the tubes exposed to the automatically treated seawater looked totally 
clean. In the latter case, observation of the surfaces by the Scanning Elec-
tron Microscopy (SEM) revealed only the presence of a few settled bacte-
ria, randomly distributed. Heavy crevice corrosion, leading to perforation 
of a 1.5 mm thick pipe wall, was observed on the stainless steel tube exposed 
for three months to untreated seawater. Only a shallow attack was observed 
on the stainless steel pipe exposed, for the same time length, to automati-
cally chlorinated seawater (Fig. 15.9). Additional tests showed that the 
application of a weak and inexpensive cathodic protection is also suffi cient 
to avoid the onset of crevice corrosion on stainless steel exposed to auto-
matically chlorinated seawater.

In conclusion electrochemical sensors were found reliable also for long 
time application without maintenance, and able to provide a set of informa-
tion which can be used to minimise the application of antifouling proce-
dures in seawater, increasing plant effi ciency and, concurrently, decreasing 
corrosion problems on the active-passive alloys.
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15.5.2 Optimisation of cooling water treatment
in power plants

The industrial version of the BIOX system was successfully applied in 
seawater cooling systems of Italian power plants from 1996 to optimise 
chlorination treatments (Cristiani and Agostini, 1999). Figure 15.10 shows 
examples of signal trends provided by the sensor during approximately 
one month of exposure (Mollica and Cristiani, 2002). The trend of the 
BIOX signal can be described as composed of several sharp peaks super-
imposed over a stable base line at about 500 mV. Peaks were observed 
when intermittent chlorination (20 minutes at 0.5 mg/L of residual oxidant) 
were used in the plant following the program routinely applied during 
summer (four chlorinations per day); the height of the peaks was found 
proportional to the residual chlorine concentration in the range 0.2 to 
1 mg/L. The sensor suggests that this chlorination program was suffi cient 
to avoid biofi lm growth. Indeed the base line continuously has the same 
value that was measured at the beginning of the test on the clean 
probe.

When the chlorination program was not run for three days (from 17 
September 1996 to 20 September 1996) the slope of the sensor base signal 
was positive. The increase of the base signal towards 700 mV means that 
biofi lm was growing but it was still in the fi rst phase of its development (in 
this period no valuable decrease of the condenser effi ciency was observed). 
Once the normal chlorination programme was restored the base value of 

15.9 Crevice corrosion propagation on AISI 316 pipes after 3 months 
of exposure to untreated (left side) and automatically chlorinated 
seawater (right side) Mollica and Scotto (1996).
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the signal returned rapidly to the value observed on the clean probe. This 
suggests that the chlorination programme usually applied in the plant was 
not only able to prevent biofi lm formation but also to rapidly destroy the 
biofi lm once formed.

The antifouling programme was changed after ten days and the chlorina-
tion frequency was strongly decreased. The graph in Fig. 15.10 indicates that 
a reasonable control of biofi lm growth was obtained with only one chlorina-
tion per day, i.e. with 25% of the chlorine previously utilized.

Following this fi rst study, many antifouling treatments for condensers of 
power plant based on chlorination and other chemicals (chlorine dioxide 
and peracetic acid included) have been monitored by BIOX system (Cris-
tiani, 2005a). The results obtained underlined that:

• at the beginning of the BIOX signal increase, the sterilisation does not 
require a huge quantity of biocide, and a continuous, low level of chlo-
rine dioxide results are very effective against biofi lm at this stage;
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15.10 Optimisation of chlorination in an Italian power plant by using a 
BIOX system. Treatment based on 0.5 mg/L dosage of sodium 
hypochlorite for 20 minutes (peaks of the BIOX signal), 4 shots/day in 
September (a) and 1 shot/day in October (b).
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• the exponential signal increase, coinciding with the exponential growth 
of the bacteria community has very short duration, but it is still easy to 
chemically control the biofi lm at this stage

• after reaching the platform, the steady state could require a stronger 
dosage of chemicals; the complete disinfection could not be guaranteed.

Very low levels of chlorine and peracetic acid were not so effective in con-
trolling biofi lm growth as a lower level of chlorine dioxide. However, shot 
dosage of few mg/L of each chemical was effective enough to destroy 
mature, untreated biofi lms.

Another positive performance of the BIOX system concerned the moni-
toring of in-service mechanical cleaning by sponge balls. In particular, the 
monitoring permitted the documentation of different chemical and mechan-
ical force against the biofi lm (Cristiani, 2005a). With a water fl ow of about 
1 m/s in the 20 mm diameter tubular probe, the mechanical treatment was  
found very effective: a BIOX signal of about 900 mV, corresponding fell 
down to a ‘moderate’ biofi lm growth, after the passage of a single ball. 
However, with a fl ow above 2 m/s, 1 mg/L of chlorine dioxide dosed for 1 h 
was necessary to destroy microbiological activity.

15.5.3 Detection of biofi lm in mineral water plant

During a two month test conducted with a BIOX system inserted in a by-
pass in-line with an industrial tank of mineral water (Fig. 15.11) (Cristiani, 
2005b), under a fl ow of 1100 l/h, corresponding to 1.5 m/s in the tubular 

15.11 On-line monitoring of biofi lm absence in mineral water plant by 
the BIOX system (Eurotherm77, 2005 with permission).
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probe of 16 mm diameter, the probe signal held down around 400 mV during 
all the period of the test, indicating the complete absence of biofi lm. The 
tests confi rmed the laboratory results showing that the BIOX system works 
correctly with water having a low conductivity of 350 µS/cm. In a subsequent 
test performed with the same water at low fl ow of about 0.4 m/s, but outlet 
to a bacteria contaminated tank, the BIOX probe was able to detect the 
fi rst stages of biofi lm growth reaching the value of 800 mV. The test line was 
then cleaned and disinfected with a dosage of about 15 mg/L of chlorine for 
15 minutes.

The BIOX signal reached values not more than 900 mV during chlorina-
tion (in spite of the high concentration used) and it came back to baseline 
values after the dosage was complete, keeping the baseline value for a long 
duration. SEM micrographs of stainless steel coupons sampled from the test 
line before and after chlorination documented the presence of a thin uniform 
biofi lm on all the surfaces detaching in consequence of chlorination.

15.5.4 Testing of a disinfecting treatment in wastewater

A treatment based on peracetic acid (PAA) to control microbiological 
growth in a pilot serpentine reactor (10 m3/h) fed by secondary settled effl u-
ent coming from the wastewater treatment plant in Southern Italy was 
investigated using a BIOX probe with external electrodes submerged into 
the water fl ow exposed at sunlight. A number of treatments were carried 
out during a six month period at different PAA continuing dosages ranging 
from 2 to 13 mg/L. PAA decay was determined by monitoring the residual 
concentration during each treatment using both electrochemical on-line 
BIOX signals and standard chemical off-line methods. Data coming from 
biofi lm electrochemical monitoring were integrated and compared with 
microbiological analytical results. A residual of 3–4 mg/L of PAA was 
required in order to destroy the biofi lm already grown on the electrochemi-
cal probes submerged in the fi nal part of the serpentine pilot reactor. PAA 
dosages lower than 2 mg/L were found suffi cient to prevent the early stages 
of biofi lm development on the clean probes. The total microbial charge and 
amount of Escherichia coli in the bulk water of the pilot plant remained 
under control even at the same lowest tested PAA dosages (Cristiani et al., 
2004; Dell’Erba et al., 2007).

15.5.5 Monitoring of copper alloy condenser tube 
passivation in a power plant

Microbial activity negatively infl uences the passivation process of copper 
alloys, in seawater in particular. In the light of some recorded case histories, 
an integrated monitoring of corrosion, biofi lm and chlorine dosages has 
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been performed on Copper-Nickel 70/30 coupons (UNS C71500, external 
diameter of 22 mm, wall thickness 1.6 mm) made of the same condenser 
tubes used in the marine cooling circuit of an Italian power plant.

The study documented how the ‘little economy’ in biocide treatments 
during the start-up period of exchanger equipment can return severe addi-
tional costs because of early failures of the bundle (Cristiani et al., 2007). 
The following sensors have been chosen for monitoring, inserted in a by-
pass close to the condenser:

• one BIOX tubular sensor to monitor the biofi lm growth and the chlori-
nation treatment;

• one tubular electrochemical cell made of coupons from the condenser 
tubes to monitor the corrosion rate of CuNi 70/30 by LPR technique;

• one fl ow-meter, one temperature sensor and one turbidity meter to 
monitor the physical-chemical parameters of the water fl ow.

Weight loss determination, chemical and metallographic analyses have also 
been done off-line during the monitor programme on tubular coupons of 
the condenser tubes.

The data collected documented the occurrence of localised corrosion 
on the surface of the CuNi 70/30 specimens in the case of events causing 
the enrichment of biologically active mud in sea water (big ships moving 
or strong rain close to the inlet of cooling circuit) or after the stagnant 
condition occurring in the tubes. The integrated monitoring permitted 
an effective chlorination treatment of the condenser cooling water, able 
to promote the development of a fi rm ‘passive layer’ on the CuNi 70/30 
tubes.

Figure 15.12 shows two periods of integrated monitoring. In Fig. 15.12a, 
the CuNi 70/30 passivation layer was well established and the detected cor-
rosion rate was very low. In Fig 15.12b, the peak of corrosion appeared after 
an intensive mechanical cleaning of the probe surfaces that removed part 
of the passive layer. The corrosion rate trend shows a signifi cant reduction 
as a consequence of the chlorination treatments. The same positive reduc-
tion did not occur on untreated samples.

15.5.6 Monitoring of cooling water treatment in
a steel factory

Another integrated monitoring of corrosion, biofi lm and water treatment 
was performed with the metal alloys used (principally carbon steel) in a 
very large seawater cooling circuit of a steel factory treated with a daily 
intermittent dosage of chlorine dioxide. The following sensors driven by a 
computer-data acquisition system were inserted in a by-pass close to the 
condenser:
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• one BIOX tubular sensor to monitor the biofi lm growth and the chlo-
rine dioxide treatment;

• three tubular electrochemical cells to monitor the corrosion rate by LPR 
technique; coupons of carbon steel, stainless steel (UNS 31600) and 
copper-nickel 70/30 UNS C71500 respectively, with diameter of about 
20 mm in each case;
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15.12 Details of an integrated monitoring of corrosion, biofi lm, 
chlorination and water turbidity in seawater circuit rich in mud 
(corresponding to the turbidity signal increase) and treated with 
0.5 mg/L TRO (chlorine-bromine) one hour four times/day, 
corresponding to steps of the BIOX signal. The LPR technique has 
been applied on electrodes in CuNi 70/30. In the graphic (a), CuNi 
passivation layer is well established and corrosion rate (by the LPR 
technique) is very low. On 5 December, the test line was moved 
before the chlorination point and specimens in the LPR cell were 
substituted with new ones: graphic (b).
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• zinc anodes to monitor the free corrosion potential of the three alloys;
• one fl ow-meter and one temperature sensor to monitor the physical-

chemical parameters of the water fl ow.

Several tubular coupons made of the same three materials were inserted 
for the off-line visual observations and weight loss determinations.

The treatment in the fi rst period was not effective and a thick layer of 
iron corrosion products covered the whole surface in the test line. Biofi lm 
growth on corrosion products increased the BIOX base line. Crevices were 
found on stainless steel; the general corrosion rate of the carbon steel was 
very high; the copper alloy showed localised corrosion. On the basis of the 
monitoring results, the surfaces were brushed mechanically and following 
that, the treatment became more effective to prevent a new corrosion 
product and biofi lm deposition (see Fig. 15.13). The responses coming from 
the electrochemical instrumentation were found to be in a good agreement 
with the data from the analyses performed on the coupons (visual observa-
tions and weight loss) off-line. Subsequently good control of crevice phe-
nomena on stainless steel as well as the corrosion of carbon steel and copper 
alloy were kept with a few small adjustments of the treatment.
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15.5.7 Evaluation of a water treatment in a cooling tower

A fi nal example of integrated monitoring of corrosion, biofi lm and water 
treatment refers to a cooling tower fed by river water and treated with 
short, daily dosages of peracetic acid at different concentration (Fig. 15.14). 
The following sensors driven by a computer-data acquisition system were 
used in the test line:

• one BIOX tubular sensor to monitor the biofi lm growth and the per-
acetic acid treatment

• one electrochemical cell to monitor the corrosion rate by the LPR tech-
nique with coupons of carbon steel with diameter of about 20 mm

• one pH meter, one fl owmeter and one temperature sensor to monitor 
the physical-chemical parameters of the water.

Several coupons made of carbon steel for visual observation and weight 
loss determination completed the test line.

The increase of the BIOX base line detected during the fi rst period indi-
cated too light treatment. Increasing the PAA dosages in the range of 8–
10 mg/L, the treatment became effective to control biofi lm. Furthermore, 
the measures of corrosion rate remained at the lowest level. Too strong 
dosages, with concentration of PAA more than 100 mg/L, tested during the 
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fi nal period, associated with a signifi cant decrease of pH, caused an increase 
in the rate of corrosion. 

15.6 Summary

The micro-organisms’ attachment to wetted supports leads to the develop-
ment of a biofi lm that results in the negative deterioration and corrosion 
of materials, decaying the performance of equipment and process waters. 
MIC risk mitigation usually coincides with biofi lm risk mitigation.

Biofi lm also causes other deleterious effects, reducing heat transfer and 
promoting the biological risk in industrial facilities; consequently, the 
biofi lm control permits several issues to be avoided, not only MIC. The 
existing procedures of MIC risk prevention often require the use of biocide 
treatments, such as chlorination, but standard treatment procedures, fi eld 
experiences and macro-analysis of the phenomena are insuffi cient to build 
an effective and exhaustive risk assessment. Valid help, often decisive, 
comes from simple, rugged and innovative electrochemical sensors, able 
to monitor on-line and in real time the fi rst stage of biofi lm growth. This 
electrochemical probe, applied alone or integrated with a few other tra-
ditional sensors and devices, could allow the direct evaluation of MIC 
risk in several fi eld applications. Industrial and commercial versions of 
electrochemical MIC risk monitoring have been already successfully used 
in several plants to optimise the chemical treatments of cooling water 
circuits.
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Corrosion monitoring in concrete

P E T E R  S C H I E ß L  and C H R I S T O P H  D A U B E R S C H M I D T, 
Technical University of Munich, Germany and

Ingenieurbuero Schiessl Gehlen Sodeikat, Germany

16.1 Introduction

The major part of the European infrastructure has reached an age where 
capital costs have decreased. But inspection and maintenance costs have 
grown so extensively that they constitute the major part of current costs. 
Repair of damage caused by rebar corrosion causes a major part of repair 
costs, consuming annual costs for maintenance and repair up to 2.5% of 
building costs (Bergmeister, 2004). According to international research 
66% of all assessed damage to bridges arises from the ingress of chlorides 
in concrete and the subsequent onset of corrosion of the reinforcement 
(Gaal, 2004). Thus in recent years the need has arisen to monitor time 
dependent chloride penetration and corrosion behaviour of the reinforce-
ment in order to be able to take early protective measures.

The reinforcement of concrete, reinforced steel as well as pre-stressed 
steel, ensures the load carrying capacity of most structures such as bridges, 
parking decks, tunnels, etc. Steel reinforced concrete is normally protected 
against corrosion due to a thin and impermeable dense passive layer formed 
in the alkaline medium of the pore solution of concrete (pH ≈ 13.3). This 
passive layer can break down in the presence of chlorides at the steel 
surface or due to the decrease of the pH-value caused by carbonation of 
the concrete. After the breakdown of the passive layer, corrosion at the 
reinforcement can be initiated which can cause severe deterioration of the 
steel and the concrete and thus can signifi cantly reduce the load carrying 
capacity.

During the initial phase of ingress of chlorides or the carbonation front 
as well as in the early corrosion phase no visible damage can be assessed 
at the concrete surface. Only later, when cracks are formed or spalling of 
the concrete covers occurs, can deterioration be assessed by visual inspec-
tion; but then repair measures are likely to be more cost- and time-intensive 
compared to earlier stages of damage as repair costs increase exponentially 
as the damage increases.
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Corrosion monitoring is a cost-effective and non-destructive method of 
assessing the ingress of the depassivation front and corrosion of the rein-
forcement during the early stages. As a result repair measures are much 
more cost-effi cient. Thus it enables measures to be taken at an early stage 
and in this way minimises the overall costs of maintenance of the 
structure.

16.2 Deterioration mechanisms for corrosion

in concrete

16.2.1 General deterioration model

The development over time of most types of deterioration mechanisms in 
concrete structures may be modelled by a two-phase-curve illustrated in 
Fig. 16.1, which is the basis for defi ning the service life of a structure. The 
two phases of deterioration are the following (fi b 1999):

• Initiation phase: During this phase no noticeable weakening of the 
material or the function of the structure occurs, but some of the protec-
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16.1 Service life of concrete structures. A two-phase modelling of 
deterioration (adapted from Tuutti, 1982) with possibilities of 
assessment.
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tive barrier is broken or overcome by aggressive media. Carbonation, 
chloride penetration and sulphate accumulation are examples of such 
mechanisms. In the case of corrosion the duration of the initiation 
period is determined by the thickness and permeability of the concrete 
cover and the exposure conditions (e.g. chloride ingress can be acceler-
ated by cyclic wetting and drying).

• Deterioration phase: During this phase active deterioration develops 
and loss of function is observed. Figure 16.1 shows a deterioration mech-
anism that develops an increasing deterioration rate over time. Rein-
forcement corrosion is one such important propagating deterioration.

The most common mechanisms leading to corrosion of steel in concrete 
under moderate climatic conditions are carbonation and chloride penetra-
tion in the initiation phase. Both mechanisms are described in Section 
16.2.2.

16.2.2 Initiation phase

Carbonation

As already noted in Section 16.1, it is well known that steel in concrete is 
protected against corrosion by the fact that, owing to the alkalinity of the 
pore solution (pH = 12.5–13.5) a microscopic oxide layer is formed at the 
steel surface preventing the dissolution of the steel. The formation and 
maintenance of the passive fi lm electrochemically is also a corrosion process, 
however the ‘corrosion rate’ of passive steel in concrete is 1–2 µm/year at 
most, and is therefore negligible from a practical point of view.

If the pH value drops below 9 the passive layer and, consequently, cor-
rosion protection will be lost over greater surface areas. Such a drop in pH 
value can be evoked under normal exposure conditions by carbonation of 
the concrete. Carbonation of concrete normally involves a chemical reac-
tion between atmospheric carbon dioxide (CO2) and the products of cement 
hydration. The normal CO2 content of the air is 0.03% by volume, but in 
particular conditions, as in road tunnels and parking garages, it may easily 
reach much higher values.

In very simplifi ed terms, the main chemical reaction may be described as 
follows:

Ca(OH)2 + CO2 ⇒ CaCO3 + H2O [16.1]

accompanied with a drop of pH value from 12.4 (Ca(OH)2) to 8 to 9. Simi-
larly, the other alkalis, contained in small amounts in the pore solution 
(KOH, NaOH) combine with carbon dioxide to form potassium and sodium 
carbonate. After nearly all the potassium, sodium and calcium hydroxides 
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in the pore cavities have been re-dissolved and carbonated, the pH will 
decrease to values of about 8–9.

For calculating the time-dependent depth of the carbonation front it is 
essential to set up a model for the carbonation process considering the 
physical and chemical interaction of CO2 with the concrete. The model is 
based on diffusion as the prevailing transport mechanism of CO2 by using 
Fick’s fi rst law of diffusion. An easy model to evaluate the time-dependent 
carbonation depth is the so-called square root time equation:

x t
D C
a

t k tc
s( ) =

⋅ ⋅
⋅ = ⋅

2
 [16.2]

with

D = carbon dioxide diffusion coeffi cient [mm2/a]
Cs = carbon dioxide concentration at the surface [kgCO2/m3]
a = binding capacity [kgCO2/m3]
t = concrete age [a]
xc = depth of carbonation front at time t [mm]

In order to consider the infl uence of a natural exposure condition and the 
infl uences on the concrete, Equation [16.2] has been modifi ed by Gehlen 
(2000) as follows:
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ke =  sub-function considering the infl uence of environment (e.g. 
realistic moisture at the concrete surface during use; RHreal) on 
the effective inverse carbonation resistance [–]

RHreal = relative humidity of the carbonated layer [%]
RHref = reference humidity [%]
fe = exponent [–]
ge = exponent [–]
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kc =  sub-function taking into account the infl uence of curing on the 
effective carbonation resistance [–]

ac = 7(−bc)
bc = exponent of regression [–]
tc = period of curing [d]
kt =  variable, which considers the infl uence of test method on the 

ACC-test (Accelerated Carbonation-Test) [–]
RACC,0

−1 =  inverse effective carbonation resistance of dry concrete, 
determined at a certain point of time t0 on specimens 
with the accelerated carbonation test ACC [(mm2/a)/
(kgCO2/m3)]

et =  error term considering inaccuracies which occur conditional on 
the ACC test method [(mm2/a)/(kgCO2/m3)]

CS =  CO2 concentration to which the structure is exposed 
[kgCO2/m3]

CS,atm. = CO2 concentration of the atmosphere [kgCO2/m3]
CS,emi. =  CO2 concentration of additional emission sources  

[kgCO2/m3]
T = time in service [a]
W =  weather function considering the infl uence of meso-climatic 

conditions (rewetting) [–]
to = time of reference [a]
w = weather exponent [–]
ToW = time of wetness [–]
pSR = probability of driving rain [–]
bw = exponent of regression [–]

The duration of the initiation phase for carbonation will be prolonged by:

• increasing the concrete cover of the reinforcement
• decreasing the permeability of concrete (low w/c ratio i.e. water/

cement ratio, suffi cient curing) with high Ca(OH)2 content of the
cement

• increasing water content of the pores (water saturated concrete cannot 
carbonate)

• decreasing CO2 content of the surrounding atmosphere.

Chloride ingress

Chlorides may be present in the fresh mix or may penetrate into the hard-
ened concrete. During use of the structures, chlorides may penetrate from 
the surface into the concrete from various sources. The most important of 
these are sea water, de-icing salts and PVC (polyvinyl chloride) fi res. Chlo-
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rides penetrate into the concrete as ions within partly or completely water-
fi lled pores. They are partially bound chemically or physically within the 
cement matrix.

Unlike carbonation penetration, chloride penetration is not associated 
with a distinct reaction front. On the contrary, a chloride profi le with a 
chloride content decreasing from the concrete surface to the interior is 
usually found for chloride exposure conditions (Brite/EuRam, 2002).

When chlorides penetrate into hardened concrete, the following main 
transport mechanisms are involved (Lay, 2006):

• pure chloride ion diffusion
• convection (due to ‘pickaback’ transportation of chlorides in ingressing 

water e.g. capillary suction)
• dispersion (due to inhomogeneous velocity-distribution of water 

transportation).

Further mechanisms are retardation (fi lter effect), backwards transporta-
tion (in drying phases), chloride binding, interaction of ions and self-sealing 
of concrete.

When assessing the penetration of chlorides into concrete and the associ-
ated risk of reinforcement corrosion, it is necessary to differentiate between 
two basic infl uencing parameters:

• the diffusion resistance of the concrete against ingress of chlorides 
which is described by the diffusion coeffi cient of the concrete; this dif-
fusion resistance depends primarily on the pore size distribution of the 
concrete

• the binding capacity of the concrete with respect to chloride ions (physi-
cal and chemical binding). This binding capacity infl uences both the 
penetration rate and the ratio of bound to free chloride ions in the pore 
water.

The binding capacity of concrete is particularly infl uential, since the risk of 
corrosion at the reinforcement is determined solely by the free chlorides in 
the pore water. Consequently, free chlorides in the pore water or the ratio 
of bound to free chlorides at the steel surface are the decisive factors in 
judging the reinforcement corrosion risk.

Pure chloride diffusion can be described according to Fick’s second dif-
fusion law. To take into account the changes of permeability of concrete 
over time and real exposure conditions Fick’s diffusion law has been modi-
fi ed extensively. A widely used modifi ed model, taking into account practice 
observations related to chloride ingress, is according to Gehlen (2000):
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with Dapp,C(t) = ke ⋅ DRCM,0 ⋅ kt ⋅ A(t)
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C(x,t) =  content of chlorides in the concrete at depth x and at time 
t, [wt.-%/c] as the output of Equation [16.4]

C0 =  initial concentration of chlorides in the concrete due to chloride 
containing components (e.g. aggregate) [wt.-%/c]

CS,Dx =  concentration of chlorides at depth Dx, depending on the 
chloride impact [wt.-%/c]

x = depth with a corresponding content of chlorides C(x,t) [mm]
Dx =  depth of concrete layer, in which the process of chloride 

penetration differs from Fick’s second law of diffusion
[mm]

Dapp,C =  apparent coeffi cient of chloride diffusion of concrete at 
time t [m2/s]

ke =  sub-function considering the dependency of Dapp,C on the 
temperature [–]

be = regression variable [K]
Tref = reference temperature [K]
Treal =  temperature of the ambient air, respectively of the structure 

part [K]
DRCM,0 =  chloride migration coeffi cient of water saturated concrete, 

measured at the reference period t0 on specimens which 
have been produced and stored under exactly defi ned 
conditions [m2/s]

kt =  variable, which converts the under accelerated conditions 
measured chloride migration coeffi cient (Rapid Chloride 
Migration, DRCM,0) into a chloride diffusion coeffi cient, whereby 
the specimens have been exposed to natural conditions 
(Chloride Profi ling Method, DCPM,0) [–]

A(t) = sub-function considering the ageing [–]
a =  ageing exponent taking the time dependent behaviour of Dapp,C 

into consideration [–]
t0 = time of reference [a]
t = time of exposure [a]

Corrosion at the reinforcement can occur, when the so-called ‘critical chlo-
ride content’ of the concrete at the reinforcement is exceeded. In principle 
two defi nitions of ‘critical chloride content’ are conceivable:
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1.  A critical chloride content at which depassivation of the steel surface 
commences, whether or not this leads to visible corrosion damage at 
the concrete surface

2.  A critical chloride content which over time leads to a corrosion phe-
nomenon classifi ed as damage.

Critical chloride content may be considerably higher according to defi nition 
1 than defi nition 2, because corrosion damage occurs only if, in addition to 
depassivation of the steel surface, other conditions conducive to a corre-
spondingly accelerated rate of corrosion (e.g. oxygen supply, humidity) are 
fulfi lled (see Section 16.2.3).

It is evident from current knowledge that the critical chloride content is 
not a fi xed value but is dependent both on the quality of the concrete cover 
(type of cement, w/c ratio, curing, thickness) and on environmental condi-
tions. Thus concrete in permanently dry environmental conditions as well 
as constantly water saturated conditions the critical chloride content accord-
ing to defi nition 2 is much higher than in frequently changing exposure 
conditions (e.g. splash water zone). The much-criticized chloride content of 
0.4% in relation to the cement content was arrived at through research into 
the chloride binding capacity of concrete (Richartz, 1969), and generally is 
on the safe side. Under certain conditions, much higher chloride contents 
may be uncritical.

The duration of the initiation phase for chloride penetration will thus be 
prolonged by:

• increasing concrete cover of the reinforcement
• using concrete mix with low permeability (with low w/c-ratio and, which 

is much more decisive, the appropriate type of cement, like blast-furnace 
slag or fl y ash cements, adequate curing)

• increasing binding capacity of the concrete (increasing the C3A content 
(C3A = tricalciumaluminate) of the cement)

• reducing water content of the concrete and the depth of the changing 
water content caused by the exposure condition (splash zone or spray 
fog zone)

• reducing temperature of surrounding atmosphere
• increasing age of concrete at the fi rst chloride attack, as older concrete 

has higher resistance against chloride ingress than younger concrete 
(e.g. by protecting the young concrete against chloride attack).

16.2.3 Deterioration phase

Corrosion mechanisms

After the depassivation front has reached the reinforcement (either by 
carbonation of the concrete or by exceeding the critical chloride content) 



396 Techniques for corrosion monitoring

corrosion can be initiated. The corrosion process takes place in two sub-
processes, as outlined in Fig. 16.2:

• At the anode, iron ions pass into solution, separating from the electrons. 
They are converted into rust products in further reactions.

• At the cathode, electrons, water and oxygen are converted into hydroxyl 
ions. The cathodic process does not cause any deterioration of the 
steel.

These hydroxyl ions transport the negative charge in the electrolyte through 
the electrical fi eld created between the anode and the cathode, towards the 
direction of the anode. Near the anode, they react with the iron ions in 
solution. Depending on moisture and aeration conditions, this intermediate 
product may continue to react, producing the fi nal corrosion products. The 
individual processes are in fact much more complicated, and are described 
by Raupach (1992) and Schießl (1988).

In order for the corrosion process to take place, a number of precondi-
tions for the anodic and cathodic process and for the electrolytic process 
must be satisfi ed simultaneously:

• There must be differences in potential between anodes and cathodes. 
The preconditions for suffi ciently large differences in potential are, 
however, usually met, and in the case of chloride-induced corrosion 
these may be several 100 mV.

• Anodic and cathodic surface zones of the steel must be connected elec-
trically and electrolytically, i.e. a fl ow of electrons and ions between 
them must be possible. The metallic connection necessary for an elec-
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16.2 Corrosion of steel in concrete (left: corrosion mechanism, right: 
simplifi ed electrical circuit model with ER,C and ER,A: potentials at the 
anode and cathode; RA, RC and Rel: polarisation resistances at the 
anode and the cathode, electrolytic resistance; Ie: macro-cell current 
(approximately equal to corrosion rate) (Raupach, 1996).
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tron fl ow from the anode to the cathode is provided by the reinforce-
ment system in the reinforced concrete. The electrolytic connection is 
represented by the concrete. This must, however, be suffi ciently wet, 
since otherwise there can be virtually no migration of ions. In dry inte-
rior situations, for example, the electrolytic conductivity of the concrete 
is too low to permit corrosion of the reinforcement, even if the carbona-
tion front reaches the reinforcement, leading to loss of alkalinic 
protection.

• Anodic dissolution of iron must be possible due to depassivation of the 
steel surface. The cathodic process can, however, take place even in 
zones with a passive steel surface.

• Suffi cient oxygen must be available at the cathode. There must be con-
tinuous diffusion of oxygen from the surface of the concrete to the steel 
surface acting as the cathode. There is therefore practically no risk of 
corrosion to reinforced concrete components which are permanently 
and completely immersed in (deep) water.

If all conditions for corrosion are fulfi lled simultaneously, the reinforcement 
will corrode. If only one of the conditions can be eliminated, corrosion can 
be prevented or halted. Fundamental repair principles may be deduced 
from this knowledge.

As described in Chapter 2, corrosion phenomena may be sub-divided into 
uniform corrosion and local pitting. Pitting may be understood as a form 
of corrosion in which crater shaped hollows undermining the surface or 
appearing in the form of needles occur without any attack outside the 
pitting location point.

Uniform corrosion is generally caused by carbonation of the concrete 
over a wide area or uniformly very high chloride contents in the vicinity of 
the steel. This leads to the formation of so-called micro-cells, consisting of 
pairs of immediately adjacent anodes and cathodes. These are microscopic 
in size, so that externally they appear to produce uniform removal of the 
steel.

Pitting generally results from chloride-induced corrosion. In this case, 
so-called macro-cells are formed, with the pits acting as the anodes and the 
neighbouring sections of the reinforcement as cathodes. Anodes and cath-
odes are not necessarily adjacent; they may well be situated at a consider-
able distance from each another.

Rate-determining parameters

The corrosion rates at anodic sites in macro-cells are generally much greater 
than in micro-cell corrosion, as the anodes of macro-cells are usually very 
small in relation to the cathodes, leading to high current densities and hence 
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high corrosion rates. The potential size of a macro-corrosion cell is deter-
mined largely by the electrolytic resistivity of the concrete, i.e. by its water 
content, and by the permeability of the concrete and chemical composition 
of the pore solution. In dry concrete with extremely low permeability, the 
rate of corrosion remains low. Macro-cells may, however, also occur where 
there is carbonation of the concrete over a wide area, with uneven moisture 
distribution or aeration, or in zones with localised depassivation, e.g. in the 
regions of cracks or honeycombs. Here again, corrosion rates higher than 
those encountered with uniform corrosion of the reinforcement may be 
expected.

As expected, the chloride content in the concrete at the steel surface has 
a decisive infl uence on the corrosion rate. If the chloride content rises above 
a critical, corrosion-initiating value, there will be a roughly linear increase 
in the corrosion rate with increasing chloride content.

According to Fig. 16.2 the corrosion rate of the steel is, besides other 
resistances, dependent on the polarisation resistance at the cathode, which 
is linked to the oxygen diffusivity of the concrete, being mainly infl uenced 
by capillary porosity and the water content of the concrete. Permanently 
water saturated concrete structures are unlikely to show signifi cant corro-
sion rates, as the resistance against oxygen diffusion is very high. Also the 
concrete cover has a signifi cant infl uence on the oxygen diffusion in con-
crete mixes with low permeability.

Furthermore the corrosion rate is dependent on the electrolytic resist-
ance of the concrete. If the water content of the concrete decreases, the 
electrolytic resistance increases signifi cantly (up to several decades). Thus 
corrosion causing damage can only occur when the electrolytic resistance 
of the concrete is below a range of 100 to 150 Ωm (Nürnberger, 1995), 
which is normally reached in concrete exposed to 85 to 90% relative 
humidity and under. So technically relevant corrosion can only occur in 
weathered or water-exposed structures, but not in dry indoor conditions. 
The electrolytic resistance is also dependent on the ion-concentration of 
the pore solution, the temperature and the permeability of the 
concrete.

Whereas in uncracked concrete a good quality concrete cover will 
generally prevent depassivation of the reinforcement for a long period 
(initiation phase), prevention is practically impossible in the area of 
cracks crossing the reinforcement, since both the carbonation front and 
the chlorides penetrate much more rapidly into the crack zone than 
elsewhere (Schießl, 1976). The capillary suction capacity of the cracks 
plays an important role in the penetration of chlorides.

The corrosion mechanism in the crack zone is of decisive signifi cance for 
the corrosion rate of the reinforcement. In laboratory investigations cell 
current and voltage measurements on cracked reinforced steel beams 
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exposed to chloride attack clearly demonstrate that large macro-cells are 
formed under certain conditions. The reinforcement in the crack zone acts 
as an anode, the reinforcement between the cracks set up at a distance of 
several decimetres as a cathode, often leading to extremely high corrosion 
rates in the crack zone. The corrosion rates within the cracks are more 
dependent on concrete cover and composition than on crack width (Schießl, 
1997).

16.2.4 Structural service life management

The design service life is the assumed period for which a structure or part 
of it is to be used for its intended purpose with anticipated maintenance 
but without major repair being necessary. The design service life is defi ned 
by:

• the defi nition of the relevant limit state
• the number of years of the service life
• the level of reliability for not passing the limit state during this period.

Durability of the structure in its environment shall be such that it remains 
fi t for use during its design service life. This requirement can be considered 
in one of the following ways:

• by using materials that, if well maintained, will not degenerate during 
the design service life

• by giving such dimensions that deterioration during the design service 
life is compensated

• by designing protective and mitigating systems
• by choosing a shorter lifetime for structural elements, which may be 

replaced one or more times during the design life.

All the above approaches are possible in combination with appropriate 
inspection at fi xed or condition dependent intervals and appropriate main-
tenance activities.

Designing for long service life needs some form of verifi cation during the 
use of the structure. This becomes a natural part of the operation and main-
tenance activities, the so-called structural service life management. The 
service life design is based on some assumptions regarding deterioration 
mechanisms related to the aggressiveness of the environment. Due to the 
uncertainties between the prior assumptions made at the design stage and 
the reality of the service conditions of the fi nished structures, a need arises 
with time to verify – or adjust – the initial assumption and revise the service 
life forecast accordingly, see Fig. 16.3. This need for adjustment, and the 
benefi ts of obtaining a more reliable forecast of the service life to be 
expected, leads naturally to a need to monitor the durability performance 
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of the structure in service (fi b, 1999). This monitoring can be done destruc-
tively but preferably non-destructively.

The term ‘maintenance’ is used on activities that are planned to take 
place during the service life of the structure in order to ensure the fulfi lment 
of the assumptions in the service life design. A maintenance plan shall state 
type and frequency of the foreseen activities. The maintenance plan might 
comprise activities such as general cleaning, drainage, addition of sealants, 
replacement of components, etc. Condition control is mainly made to verify 
the design assumption. From the regularly updated condition control (infor-
mation from monitoring and inspection) the risk of having depassivation 
of the reinforcement can be determined more precisely. From this informa-
tion, if necessary, an optimal point in time can be determined when to 
introduce preventive measures, for example a preventive coating or a 
cathodic protection.
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16.3 Structural service life management as structural fl ow from birth 
to exitus, adapted from fi b (2002).
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16.3 Assessment of corrosion and corrosion

risk in concrete

16.3.1 Carbonation

In this Section, describing the carbonation of concrete, it is very well in 
evidence that only one key parameter has to be controlled in order to 
evaluate the risk of corrosion of reinforcement in the case of carbonation: 
the pH value is at the heart of the reinforcement.

Indicator

A minimal destructive method to measure the pH value or, better, the pH 
range, is the use of a pH indicator applied at freshly fractured concrete 
surfaces. For the situation encountered Phenolphthalein solutions have 
been proven to work excellently. Phenolphthalein is a pH indicator, which 
gradually changes from colourless to purple as the pH rises from 8.3 to 10. 
The purple colour rapidly becomes visible on a broken concrete surface at 
a pH greater than about 9 to 9.5, while the carbonated surface zone remains 
uncoloured. The depth of carbonation can be measured directly at the 
fracture surface.

Percussive drilling

Minimally invasive are the methods that use percussive drilling. Drilling 
dust is collected on paper, wetted by phenolphthalein; or alternatively the 
drilled hole can be sprayed. When the dust becomes magenta, the drilling 
is stopped and the depth of the hole is considered to equal the carbonation 
depth. This test is less precise and more tests will be needed. Larger granu-
lates can easily lead to wrong conclusions (CEB, 1998).

Alternative methods

A number of alternative methods are available for monitoring carbonation 
although none are as convenient as the phenolphthalein indicator method. 
These alternative methods are X-ray diffraction (to measure the reduction 
of calcium hydroxide and the increase of various forms of calcium carbon-
ate), thermal analysis and infra-red absorption (formation of silica gel when 
calcium silicate hydrate carbonates).

The above survey shows that only the phenolphthalein indicator method 
can be practically used to monitor the pH changes in concrete structures, 
and therefore to obtain indications concerning the risk of corrosion of the 
reinforcement by knowledge of the carbonation depth. Besides, this method 
is destructive, requiring the drilling of cores or other similar samples. There-
fore it cannot be considered as an adequate continuous monitoring system.
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PH sensors

Recently, pH sensors that are to be embedded in concrete have been 
designed and tested (Burkert et al., 2006) but the development has not 
exceeded the status of prototypes. As the carbonation front is generally well 
defi ned, requirements on the accuracy of pH sensors are not necessarily 
high, but stability should be suffi cient for long-term performance.

Commercial pH-electrodes for long-term use in concrete are currently 
unavailable. As the usual glass-electrodes for laboratory purposes are not 
suitable, other systems have to be discussed, e.g. metal/metal oxide elec-
trodes, with a typically pH-dependent equilibrium potential and a suffi -
ciently steep current/potential characteristic at the free corrosion potential 
(Brite/EuRam, 2002).

16.3.2 Chloride content

The concentration of chlorides in concrete can be determined by chemical 
analysis of drilled samples (dust or cores) in a laboratory. The chloride 
content may be related to the weight of the concrete or to the weight of 
cement if the content of cement of the concrete is known or obtained by 
analysis. Several fi eld tests for determining chloride contents from drilled 
samples are commercially available. The tests are generally easy and quick 
to perform, but a regular confi rmation by laboratory-based determinations 
is advisable.

When external chloride penetration has occurred, the chloride ion con-
centration versus depth as chloride profi le is required. This profi le can be 
obtained by taking drilling dust samples in different depth ranges and 
determining the chloride content by chemical analysis. The chloride ion 
concentration at the depth of the rebar will determine whether there is a 
risk of corrosion. The satisfactory future performance of both repair works 
and areas not yet actively corroding will also depend on future movement 
of chlorides and hence on the critical chloride content in front of and behind 
the reinforcement, and whether chlorides can still penetrate from an exter-
nal source (CEB, 1998). Taking into account the critical chloride content 
(defi ned in Section 16.2.2) the determined chloride content at the reinforce-
ment can be estimated according to Table 16.1 (CEB, 1989).

16.3.3 Water content and concrete resistivity

As described in Section 16.2 the water content of concrete has a signifi cant 
infl uence on chloride penetration as well as on carbonation and, even more 
important, on the corrosion rate after depassivation. The direct determina-
tion of water content by the gravimetric method (drying the concrete at 
105 °C until weight stability) is the most precise but is also a destructive test 
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method and thus not suitable for permanent monitoring. Therefore a 
number of non-destructive test methods have been developed, like resistiv-
ity measurement, di-electric methods, capacity methods, methods using 
microwaves, nuclear magnetic resonance, neutron probe, etc.

Infl uences on resistivity

The most common method for monitoring water content is the resistivity 
measurement of the concrete. The resistivity of the concrete depends mainly 
on the water content, the temperature, the type of cement, the chemical 
composition of the pore water and the pore structure. Figure 16.4 shows 
the correlation of water content to resistivity of the concrete for two dif-
ferent concrete mixtures.
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16.4 Correlation between water content and resistivity of two concrete 
mixtures, adapted from Raupach (2005).

Table 16.1 Critical chloride levels and the resulting corrosion risk 
(CEB, 1989)

wt.-% Cl (cement)

Corrosion riskAdded in mix Penetrated

<0.6 <0.4 Low
 0.6–1.0  0.4–1.0 Medium
>1.0 >1.0 High
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The infl uence of temperature on the electrolytic resistance can be taken 
into account with the following equation:

R R
b

T T
el el e= ⋅

⋅ −( )
,0

1 1

0  [16.5]

with:

Rel = Electrolytic resistance at temperature T (e.g. 20 °C)
T, T0 = Absolute temperatures [K] (e.g. 293 K)
Rel,0 = Electrolytic resistance at temperature T0

b = Constant in K (activation energy)

Values between 3000 and 5000 K are quoted in the pertinent literature for 
the temperature constant b. Under normal conditions a decrease in tem-
perature of 1 °C causes an increase in resistance of approximately 3%.

A non-destructive determination of the electrical resistivity of the con-
crete can be carried out by commercially available Wenner four-point 
arrays. No electrical connection to the reinforcement is required, but a 
temporary connection of the measuring electrodes to the concrete surface 
is needed, for which conductive liquids and gels have been developed. 
Using special embedded measuring electrodes the resistivity of the con-
crete can also be measured as two-point arrays in different depth steps 
(see Section 16.4.3). Electrical resistance measurements are usually carried 
out using AC (alternating current) impedance measurements with fre-
quency ranges from 100 to 1000 Hz to avoid polarisation effects at the 
electrodes. Another method uses DC (direct current) measurements of 
the voltage drop of the concrete induced by an applied direct current (IR 
drop).

As the concrete resistivity strongly infl uences the corrosion rate of the 
reinforcement (see Fig. 16.2), the electrolytic resistivity acts as an important 
parameter for the estimation of the corrosion state of rebars. Assessment 
criteria for resistivity measurements in regard to the risk of corrosion are 
given in Table 16.2 (Brite/EuRam, 2002).

Table 16.2 Correlation between resistivity and 
corrosion risk (Brite/EuRam, 2002)

Resistivity [Ωm] Corrosion risk

>1000 Negligible
500–1000 Low
100–500 Moderate
<100 High
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In the case of carbonation, unfortunately, the value of the resistivity is 
infl uenced by the formation of calcium carbonates which often contributes 
to close the pores and causes an increase in resistivity; this fact is in contrast 
with the above classifi cation, which assesses that a decrease in resistivity 
corresponds to an increase in corrosion. Therefore, when assessing resistiv-
ity measurements, effects of carbonation need to be taken into account.

16.3.4 Potential values

Potential measurement or potential mapping is the most widely used non-
destructive assessment technique for assessing the actual corrosion behav-
iour of the reinforcement. It is a very effi cient method for detecting localised 
areas of corrosion such as that due to chloride ingress. Compared with the 
other existing techniques it is the only commonly recognized and standard-
ized method (see e.g. ASTM-C 876, SIA Merkblatt 2006). It gives an indica-
tion of the probability of corrosion by relatively simple voltage measurements 
between a reference cell either held on to the concrete surface or an embed-
ded reference electrode and the reinforcement.

The evaluation criteria for the potentials related to the saturated copper/
copper-sulphate electrode (CSE) as given in the Standard ASTM-C 876 can 
be found in Table 16.3. These criteria have to be used very cautiously. Their 
interpretation should always be compared with the interpretation of the 
results of other inspections (e.g. resistivity measurement) or evaluations 
(e.g. potential gradient) (Lay, 2003).

Experience over the years has shown that an evaluation of the absolute 
potential as shown in Table 16.3 often leads to wrong interpretations, 
because the basis for this standard was an evaluation of data from bridge 
decks which cannot be transferred to other types of structure having dif-
ferent environmental conditions. Therefore more reliable evaluation 
methods have been developed. An overview of newly developed methods 
can be found in the report by Lay (2003).

The most common types of electrode are the saturated copper/copper-
sulphate-electrode (CSE) for potential mapping on the concrete surface 
and the manganese oxide electrode (MnO2), which can be embedded into 

Table 16.3 Probability for corrosion according to 
ASTM-C 876

Potentials related to
CSE-electrode [mV] Probability of corrosion

<−350 90%
−350 to −200 Uncertain range
>−200 10%
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concrete for monitoring. In the case of uniform corrosion induced by car-
bonation the potential values often lead to inconclusive results.

16.3.5 Corrosion rates

Potential measurements just give information whether active corrosion is 
actually probable or not. To get more detailed information on corrosion 
behaviour than from simple potential mapping, on-site corrosion rate meas-
urement methods have been developed, like anodic pulse measurements, 
linear polarisation resistance measurements, AC impedance and electro-
chemical noise measurement. Most of these methods have this in common: 
the potential of the steel (reinforcement) changes electrochemically by 
using an external current; and it monitors the electrochemical response of 
the reinforcement.

The anodic pulse measurements use a galvanic direct current pulse over 
a period of a few seconds to the reinforcement and the infl uence on the 
potentials of the reinforcement is monitored. This potential change consists 
of the IR-drop occurring immediately after applying the pulse (which 
enables the resistivity to be determined) and later on of a further increase 
of the potential describing the polarisation behaviour of the steel. Alto-
gether three parameters are determined by anodic pulse measurements: 
the potential, the resistivity and the polarisation behaviour of the rein-
forcement. However, the determination of the exact corrosion rate under 
practical conditions is normally not possible, because the calculation models 
(suitable equivalent electrical circuits) are only rough approximations. 
Furthermore the measurement is infl uenced by the ratio between the 
reinforcement surface and the concrete surface, which can vary widely. 
Additionally galvanic effects in the case of macro-cell corrosion (localised 
corrosion) cannot be determined, i.e. only an average corrosion rate is 
measured (CEB, 1998).

Similar to the anodic pulse measurements linear polarisation measure-
ments can be carried out to determine the potential and polarisation behav-
iour of the reinforcement and the resistivity of the concrete. Instead of an 
anodic pulse a small voltage variation (±10 to ±20 mV) is applied sinusoi-
dally to polarise the reinforcement slightly. The induced electrical current 
is measured and evaluated allowing the determination of the IR-drop and 
polarisation behaviour. Assuming a linear relationship between potential 
and current near the free corrosion potential, a so-called linear polarisation 
resistance (LPR) (see Chapter 3 for more details) can be calculated from 
the measured data. This LPR is often used to calculate a corrosion current 
for the reinforcement.

A further improvement is a commercially available special device for 
LPR measurements: the so-called guard-ring. This confi nes the area of 
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measurement on the reinforcement if placed around the counter electrode 
used for applying external voltage. When interpreting data from the LPR 
measurement it should also be noted that the corrosion rate of the rein-
forcement can only be estimated because some parameters cannot be 
quantifi ed as a ratio between reinforcement and concrete surface and 
macro-cell corrosion effects. The limit values according to RILEM (2004) 
are given in Table 16.4.

Similarly to the case of potential measurements, the corrosion rate may 
be measured by means of either external devices (cathode, reference elec-
trode) for existing structures, or internal probes to be positioned inside the 
structure at the casting stage.

16.4 Sensors for corrosion monitoring

16.4.1 Measurement categories for durability assessment

The measurement categories for durability assessment can be subdivided 
into assessed parameters, location of the measured parameter and whether 
the measuring system is either portable or permanently installed in the 
structure. The parameters determined for durability assessment are either 
indirect or direct parameters:

• Indirect parameters are resistivity of the concrete, water content, chlo-
ride content or chloride profi les and depth of the carbonation front. 
These parameters give no direct information on the state of corrosion 
of the reinforcement, but the risk of corrosion and/or the rate of 
corrosion can be estimated.

• Direct parameters like the potential or corrosion rate of the reinforce-
ment provide direct information on the corrosion state of the 
reinforcement.

Another category to distinguish between the monitoring systems is the 
depth of the assessed condition related to the concrete surface.

Table 16.4 Limit values for LPR-measurements often 
used as evaluation criteria (RILEM, 2004)

Current densities [µA/cm2] Corrosion rates

0.1 to 0.2 Passive condition
0.2 to 0.5 Low to moderate
0.5 to 1.0 Moderate to high
>1.0 High
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• Mono-depth systems provide information on the condition only at 
one fi xed depth (which is normally the location of the reinforce-
ment). These systems can only be used to assess the actual state of 
the reinforcement. However durability prediction as part of the struc-
tural service life management (see Figure 16.3) is not possible in 
the initiation period (see Figure 16.1). In many cases intervention, 
like repair measures, is much more expensive, when the deterioration 
period has started compared with intervention during the initiation 
period.

• Multi-depth systems allow the assessment of parameters (e.g. resistivity 
or corrosion rate) in several depth steps, especially between the concrete 
surface and the reinforcement. In this way information of the condition 
is time- and depth-dependent. For example, these data enable the pre-
diction of the time to onset of corrosion at the reinforcement and thus 
can be part of a structural service life management system.

The monitoring systems are either portable or permanently installed. The 
main advantages of permanently installed monitoring systems are:

• Continuous monitoring of the process of corrosion that is affected by 
many factors and shows daily variations and seasonal changes.

• Monitoring of inaccessible areas of structures (e.g. exterior of tunnels) 
or areas hard to reach (structures under water) is possible.

• By the use of multi-depth sensors, for example, it is possible to monitor 
the ingress of the depassivation front versus time and thus use the data 
from monitoring for a durability assessment.

• No interference with traffi c in case of bridges, tunnels etc.
• Time saving as measurements with portable equipment take more time 

to be carried out (including personnel costs).

The use of portable monitoring equipment for corrosion monitoring can 
be recommended as follows (Brite/EuRam, 2000):

• Portable equipment for monitoring corrosion activity is a convenient 
tool for supplementing the current practice of surveillance, based mainly 
on visual inspections. It gives some semi-qualitative (potentials) and 
quantitative information (corrosion rate) on the level and progress of 
damage thus giving an input for the prediction of deterioration, defi ni-
tion of alarm thresholds and time to repair.

• Portable systems are in most cases rather handy and easy to use. They 
allow measures to be taken extensively along the structure, provided 
access is guaranteed.

• Measures can be repeated at regular intervals over the years, however 
access to the structures may be costly and cause interference to traffi c.
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• It may be used in conjunction with permanent monitoring on existing 
structures or it may suggest the best location for probes and sensors, as 
it gives information on the location and extension of the most corroded 
or risky parts.

• It may be used to check the performances of permanent monitoring 
(working conditions of sensors and probes).

As monitoring structures using multi-depth and permanently installed 
sensors provides the most important information to assess the durability 
of these structures sections 16.4.2–16.4.5 focus mainly on these types 
of sensor. Most sensors can also be used for mono-depth monitoring. 
If portable systems that provide useful additional information are avail-
able, they are briefl y described.

16.4.2 Sensors for determining the chloride content

The chloride-sensitive sensors are normally based on a solid silver/silver 
chloride electrode and a reference electrode for use in concrete. The central, 
active, chloride-sensitive element is a silver wire coated with electrochemi-
cally deposited silver chloride. The potential at the silver/silver chloride 
electrode is strongly dependent on the chloride content of free chlorides in 
the pore solution, but also on the temperature, the water content and the 
concentration of other ions in the pore water of the concrete. As reference 
electrode a manganese oxide electrode is recommended (Schiegg, 2002).

By installing several silver/silver chloride electrodes at different depths 
in a structure, together with the manganese oxide electrode, a non-destruc-
tive determination of a chloride profi le and the time-dependent change of 
the chloride content is possible. The sensors can also be embedded in exist-
ing structures by using a special connecting mortar, which is adjusted to the 
water and chloride transportation properties of the surrounding concrete. 
Long-term exposure revealed a strong humidity infl uence, e.g. by drying 
out, on the measured values. The interpretation of the monitored data must 
therefore take humidity into account. Additionally a long-term potential 
shift has been determined even in chloride-free specimens as well as an 
infl uence of corrosion processes on the measured values. Thus the long-term 
stability of chloride-sensitive sensors is doubtful (Brite/EuRam, 2002; Berg-
meister, 2004).

16.4.3 Sensors for concrete resistivity measurement

The resistivity of concrete can be determined either by using two-point 
arrays or four-point arrays (see Section 16.3.3). A portable monitoring 
system is the so-called Wenner-probe as a four-point-electrode which is 
connected to the concrete surface. The Wenner-probe is not suitable for 
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concrete structures with a distinct profi le of resistivity in the concrete cover, 
which is often the case in naturally weathered structures.

A depth-dependent resistivity-profi le can be determined with the so-
called Multiring-Electrode (MRE S + R Sensortec GmbH), see Figure 16.5. 
It consists of alternating stainless steel and polymer rings. Typically the 
sensor consists of nine stainless steel rings enabling the measurement at 
eight depths with a distance of 5 mm, and single measurements being done 
between two neighbouring steel rings. The cell constant k of the MRE 
sketched in Fig. 16.5 was determined to a value of 0.1 m by experiments and 
by numeric simulation.

The Multiring-Electrodes are cast into the concrete with a concrete cover 
of the uppermost stainless steel ring of 2.5 mm. The resistivity of the sur-
rounding concrete between the adjacent pairs of stainless steel rings (1–2, 
2–3,  .  .  .  , 8–9) can be measured resulting in a local electrolytical resistivity 
profi le of the concrete cover zone (approx. 40 mm). For installation in exist-
ing concrete structures a special connecting mortar is used, which provides 
a humidity balance to the surrounding old concrete.

16.4.4 Sensors for potential measurement

As described in Section 16.3.4 potential measurement can be conducted 
either using a portable system (potential mapping) by means of an external 
reference electrode (like a saturated copper/copper-sulphate electrode) or 
using an internally installed system e.g. by means of manganese oxide elec-
trodes. Internal reference electrodes are normally embedded close to the 
reinforcement to minimise the infl uences arising from concrete resistivity 

Concrete
surface

Electrolytic
resistivity (Ωm)

Vertical distance to
concrete surface (mm) Dimension (mm)

7
12

16
19
20Cable

2.5
2.5
2.5

Isolating
polymer rings

Ring electrodes
of stainless steel

17
22
27
32

42
37

16.5 Schematic set-up of the Multiring-Electrode for measurements of 
depth-dependent resistivity of concrete (Sensortec, 2006).
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(IR-drop). The most common type of reference electrodes are the manga-
nese oxide (MnO2) electrodes (see Fig. 16.6) having proven long term stabil-
ity in concrete. Cast into the cover concrete of new or existing structures 
the corrosion state of reinforcing steel or effectiveness of cathodic protec-
tion can be monitored. The potential of MnO2 is virtually independent of 
changes in the chemical properties of the concrete. It can, therefore, be used 
in wet or dry concrete, whether exposed to chlorides or to carbonation. But 
a total drying of the electrode should be prevented, because inside the steel 
housing an alkaline, chloride-free gel is required as an electrolyte (Burkert 
et al., 2006).

The use of a solid reference electrode for corrosion measurements of 
steel in concrete has been investigated by Sagüés (1994), testing activated 
titanium rods. For installed electrodes in the same pH-range an excellent 
short-term stability and a reasonable long-term stability with little sensitiv-
ity to variations in the partial pressure of oxygen was determined. Refer-
ence electrodes made of activated titanium are used for additional potential 
measurements in some corrosion sensors (e.g. Anode Ladder).

16.4.5 Sensors for depassivation and corrosion
rate measurement

The most common portable corrosion monitoring system is the so-called 
GalvaPulse (Force Technology) (Force, 2006), which is described in Section 
16.3.5. The GalvaPulse allows a rough estimation of the corrosion rate of 
the reinforcement, see Fig. 16.7.

16.6 MnO2-reference electrode for measuring the potential of the steel 
attached to the reinforcement (ERE 20, Force Technology).



412 Techniques for corrosion monitoring

Ag/AgCl
Reference
electrode

Counter
electrode

Guardring

70 mm

PSION
WorkAbout

Reinforcement

16.7 The GalvaPulse computer and the electrode for measurements of 
the corrosion rate (left, Force, 2006) and schematic conditions at the 
electrode (right, Brite/EuRam, 2002).

Sensors for permanently installed corrosion monitoring can be subdi-
vided for new constructions (or installed during repair measures with 
renewal of the concrete cover) and for existing structures. Most of these 
sensors, such as the so-called Anode Ladder (S + R Sensortec GmbH) 
or the Expansion-Ring-System consist of different single sensors at defi ned 
distances from the concrete cover, e.g. of six steps, each of about 10 mm 
width, depending on the thickness of the concrete cover. The basic mea-
suring principle of the sensors for the determination of time-to-corrosion 
is to place electrodes at different depths related to the concrete surface 
and to measure the onset of corrosion of these electrodes one after the 
other (see Fig. 16.9). The measuring principle of the Anode Ladder is 
the successive connection of each anode with a cathode consisting of 
noble metal (activated titanium) and the measurement of the corrosion 
current via cables which connect the sensor to a external terminal box.

For new structures the Anode Ladder has been used world-wide in con-
crete structures exposed to aggressive environments since 1990 (Schießl, 
1992) (see Fig. 16.8). The measuring electrodes are made of steel with a 
similar composition to reinforcing steel to ensure that they will start to 
corrode at the same time that a rebar at the same depth would start to 
corrode. Comparative tests have been carried out at the Institute for Building 
Materials Research of the RWTH Aachen, ibac (Germany) showing that 
there was no signifi cant difference in the corrosion behaviour of the steel 
used for the measuring electrodes (anodes) and reinforcing steel with differ-
ent degrees of pre-rusting before installation into the concrete specimens.

Measurement of the Anode Ladder is carried out automatically in 
three steps: fi rst the voltage difference between each electrode and the 
activated titanium rod acting as a solid reference electrode as well as a 
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cathode. Then the electrical current is determined for each electrode fi ve 
seconds after coupling of the anodes against the cathode and fi nally the 
AC-resistance is measured (at 10 Hz) between neighbouring anodes and 
also the temperature of the integrated platinum PT 1000 sensor. Experi-
ence has shown that for activity limit values of single anodes under 
normal conditions an electrical current of about 10 to 15 µA after a short 
circuit time of fi ve seconds is used. For special conditions regarding con-
crete composition or environment, e.g. for nearly water saturated concrete, 
other limit values might be relevant, which have to be determined by 
calibration tests using the same concrete under the same conditions. Thus 
the critical depth of the depassivation front can be determined at any 
time (see Fig. 16.9).

Cathode Anode ladder

Junction box
with plug

Reinforcement-
Connection

16.8 Anode Ladder to determine the depth of the critical chloride front 
(left: design of the Anode Ladder, right: installed Anode Ladder before 
concreting) (Sensortec, 2006).
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16.9 Basic principle of the Anode Ladder and the determination of the 
time to corrosion of the reinforcement.
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By installing suffi cient sensors, the scatter in the depths of the depassiv-
ation front can be considered and implemented in a probabilistic update of 
the service life design (see Fig. 16.9: scatter of results). A comparable sensor 
from another producer is the so-called CorroWatch (Force Technology), 
with circularly placed electrodes, a MnO2-reference electrode and a cathode, 
which enables the determination of the corrosion current and the potential 
of the anodes depth-dependently (see Fig. 16.10).

To enable such monitoring for existing structures another system, the 
so-called Expansion-Ring-System (ERA) (S + R Sensortec GmbH) has 
been developed (see Fig. 16.11). Tests on drilled-in sensors were fi rst 
carried out in 1996 (Raupach, 1998). After several improvements, suffi -
cient experience is now available for the system to be used in existing 
buildings in non-submerged exposure conditions. The principle of the 
Expansion-Ring-System is similar to the Anode Ladder. It consists of 
the Expansion-Ring-Anode and a Cathode. Both are inserted into holes, 
which have to be drilled into the concrete. The measuring part is the 
Expansion-Ring-Anode. The sensor consists of six measuring rings at 
different distances from the concrete surface, 10 mm increments from 
10 mm to 60 mm. The electrolytic connection of the sensor is carried out 
by expanding the rings during installation and pressing them strongly 
into the concrete surface of the drilled hole. In this way the ingress of 
chloride and/or carbonation from the concrete surface into the concrete 

16.10 Design of the CorroWatch to determine the depth of the critical 
chloride front (Force, 2006).
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and the subsequent corrosion risk of the reinforcement can be measured 
by the same method as the Anode Ladder. The performance of the 
Expansion-Ring-System has been tested both in the laboratory and on-
site (Brite/EuRam, 2002).

Another sensor for existing structures, the so-called CorroRisk probe 
(Force Technology) (see Fig. 16.12), is based on metallic nails with a cathode 
and a MnO2-electrode. These nails are installed in existing structures by 
hammering through pre-drilled holes. The nails are made from a material 

Data logger

Electrode 1

Electrode 2

Electrode 3

Electrode 4

Combi-electrode

16.12 Design of the CorroRisk to determine the depth of the critical 
chloride front for existing structures (left: sectional view on the 
mounted CorroRisk probe, right: CorroRisk mounted on bridge pillar 
and covered with latticework) (Force, 2006).

Expansion ring
anodes

Expansion ring
cathode

16.11 Design of the Expansion-Ring-System to determine the depth of 
the critical chloride front for existing structures (left) and the 
Expansion-Ring-Anode after installation in concrete (Sensortec, 2006).
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similar to that of the reinforcement. They are therefore expected to corrode 
when the chloride is penetrating the concrete and reaches critical concen-
tration at the level of the single nails. The cathode is an activated titanium 
mesh. For existing structures under submerged conditions a new type of 
sensor is currently under development by S + R Sensortec, Germany.

16.5 Data evaluation

16.5.1 Discussion of the data gathering rate

When a structure is monitored with regard to the durability or to corrosion 
of the reinforcement the data gathering rate has be specifi ed carefully. For 
all permanent installed sensor-systems automatic measuring systems with 
data-loggers are available. This enables measurements to be carried out in 
very small cycles resulting in a huge amount of data. However for life 
management of structures a measuring period of approximately 30 to 50 
years is required for most sensors. Even taking into account the rapid 
development of soft- and hardware, it is unlikely that a monitoring system 
with a PC-remote-control installed today will run for 10 or 15 years. Fur-
thermore experience shows that receiving a huge amount of data to be 
analysed normally distracts the person in charge from really important 
questions. For these reasons a portable measuring system for permanently 
installed sensors and a data gathering rate of every 6 to 12 months (tinsp) 
will prove to be sensible in most cases. Furthermore readings of the sensors 
can then be carried out in combination with a visual, routine or in-depth 
inspection of the structure.

16.5.2 Implementation of monitoring data in
durability evaluation

The best case for information provided by monitoring is: How deep the 
depassivation front develops with time. This information can be used to 
update durability calculations (e.g. fully probabilistic) at regular intervals. 
If the measured depth of the depassivation front at time tinsp is lower than 
expected a priori or if the expected depth at time tinsp will be confi rmed by 
corrosion sensor readings, the reliability of the service life predictions is 
improved. On the other hand, if the environmental load is underestimated 
(a priori) the remaining maintenance free service life will be reduced com-
pared with the original a priori calculation. Updated and consequently 
regularly improved information about the present state of the structure can 
be used to decide upon the optimal point in time, if necessary, for protective 
measures. A mathematical approach for implementation of monitoring data 
in durability evaluation is introduced by Sodeikat et al. (2006).
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16.6 Applications

16.6.1 Fields of application

Reasonable fi elds of application of corrosion sensors are primarily struc-
tures, which are generally inaccessible following construction, but are 
exposed to an aggressive environment. These include structures such as the 
exterior of tunnels in soil containing chlorides, foundations or piles in sea 
water, console areas in exposure conditions containing de-icing-salt and 
other structures in severe conditions. An overview of fi elds of application 
for corrosion monitoring is shown in Fig. 16.13.

16.6.2 Basic requirements and limitations

The basic requirements for sensors for corrosion monitoring in concrete 
are as follows:
• Sensors need to be robust, all components must be designed to be 

durable and long-term-stable in the alkaline environment of concrete 
containing chlorides.

• The installation should be easy to handle.
• Any negative effects on the structural behaviour (e.g. changes of the 

exposed surface, deformation due to temperature) should be excluded.
• Redundant systems help to check the sensors and to locate 

malfunction.

Applications
• New structures
• Existing structures
• Repaired areas DS
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16.13 Fields of applications for corrosion monitoring (examples).
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• Furthermore it is advisable to use specially protected cables (e.g. Tefl on 
coated cables) if a replacement is virtually impossible (e.g. connections 
within the concrete).

• Finally an external measuring unit can easily be replaced in case of 
malfunction.

Corrosion monitoring has some limitations, too:

• Limitations in regard to durability of the monitoring system
 Because the durability of a structure is aimed to be monitored, the 

service life of the monitoring system consisting of the sensor itself, cables 
and measuring unit should exceed the service life of the structure. As 
already mentioned above the durability of some sensors is limited (like 
chloride sensitive sensors), therefore these sensors should not be used 
for durability monitoring.

• Limitations in regard to kind of corrosion
 Available corrosion sensors are designed to monitor either uniform or 

pitting corrosion. Other kinds of corrosion like stress corrosion or cor-
rosion fatigue crack cannot be determined with these sensors.

• Limitations in regard to cracks or other weak points in the construction
 Permanently installed sensors are able to monitor the condition in the 

surrounding area only, they give no information on cracks or other weak 
points outside the location of the sensor. In cracked structures sensors 
in an uncracked area can easily interpret the structure as in a better 
condition than it actually is. If the location of probably arising cracks or 
other weak points (e.g. joints, honeycombs) is known in advance, sensors 
can be placed there to monitor those weak points. Nevertheless moni-
toring cannot substitute further inspections (visual, routine or in-depth), 
to determine any anomaly of the structure which cannot be monitored 
by the used sensors.

16.6.3 Examples of applications

Storebaelt

The 18 km long crossing over/under the Great Belt in Denmark, consisting 
of two bridges and a railway tunnel, is one of the most famous major 
building structures for which a durability design covering a period of 100 
years has been carried out (e.g. Rostam, 1993). This assessment also 
included various scenarios regarding possible future problems, like the 
consideration of possible repair measures over several decades. With
regard to the risk of reinforcement corrosion, the following concept was 
pursued:
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• The concrete cover and the quality of the concrete were designed so as 
to ensure corrosion protection for 100 years according to knowledge 
currently available and on the basis of comprehensive laboratory exper-
iments carried out specifi cally to examine the properties of the concrete 
mixtures, in particular the chloride penetration characteristics.

• As no adequate long-term experience was available with regard to 
the durability of the employed high-performance concrete under 
practical conditions, corrosion monitoring sensors (Anode Ladders) 
were installed in order to reduce the risk of unidentifi ed corrosion 
problems (e.g. Schießl, 1995) and preparations were undertaken for 
protection measures which might subsequently become necessary. In 
order to ensure that the subsequent installation of a cathodic cor-
rosion protection system would be possible, the reinforcement was 
welded such that all rods are interconnected in an electrically con-
ductive confi guration.

• The low permeability of the concrete has been proven by laboratory 
testing permanently within the construction phase. The design assump-
tions are reviewed by regular examination of the structures, including 
readings of the corrosion sensors which have been installed, particularly 
at inaccessible points (Raupach, 2002).

Bibliotheca Alexandrina

The Bibliotheca Alexandrina (Egypt) which was opened in 2002 represents 
a building with a special historical background. In view of the fact that it 
had been destroyed twice, the scheduled service life was set at 400 years, in 
order to outlast the two previous periods of use.

As the library building is located in the direct vicinity of the Mediterra-
nean Sea on the coast of Alexandria, the foundation elements, consisting of 
a diaphragm wall of around 35 m in depth and several hundred piles, are 
exposed to severe chloride attack. As numerous piles were systematically 
subject to tension as a result of water pressure on the foundation slab, there 
was an additional danger of cracks crossing the main reinforcement. In 
order to ensure long service life, the following corrosion protection concept 
was selected:

• The tension piles were provided with a second reinforcing cage that is 
capable of bearing the tensile forces, should the outer reinforcement 
corrode away completely.

• A blast-furnace cement containing a high slag content and a concrete 
with a low water/cement ratio were used for all foundation elements, in 
order to achieve a high level of resistance to both sulphate and chloride 
penetration. A minimum thickness of 15 cm was specifi ed for the con-
crete cover.
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• Similar to the Great Belt project, the reinforcement was totally inter-
connected in electrically conductive confi guration by means of welding, 
in order to enable the subsequent installation of a cathodic corrosion 
protection system. A sensor-based corrosion monitoring system using 
Anode Ladders has been deployed to determine whether and when 
such a protection system becomes necessary (Raupach, 2002).

Hangzhou Bay Bridge

In east China a 36 km long bridge began construction in 2003 and will be 
opened in 2009 as the longest sea bridge in the world, crossing the bay of 
Hangzhou. The target service life was set at 100 years, although the bridge 
will be exposed to extreme severe environmental conditions, like tremen-
dous tidal range, changing water currents, earthquakes, typhoons and chlor-
ide attack. To monitor the penetration of chlorides and, if necessary, to start 
further protection actions (like cathodic protection) a long-term-monitor-
ing system is actually being installed including corrosion monitoring sensors 
(Raupach, 2006).

Parking deck at the football stadium Allianz-Arena in Munich

In Munich, Germany, a new football arena was built. In 2006 the world 
championship was opened there. In order to provide an adequate infra-
structure for visitors, the arena is connected to the underground railway as 
well as to two highways. To provide adequate parking space, a huge multi-
storey car park with 11 000 parking spaces, the biggest in Europe, was con-
structed. The car park consists of four parking decks, with three made from 
reinforced and pre-stressed concrete. As de-icing salts, often in combination 
with frost attack are expected on the horizontal parking deck surfaces, the 
design of the three parking decks should provide adequate durability against 
chloride induced corrosion and freeze-thaw attack. As the dimension of the 
multi-storey car park is about 425 m in length and 152 m in width a preven-
tive coating of all three decks is very costly (extra investment costs of about 
*7 500 000).

Considering that only during football matches is the car park frequented 
(event dependent utilisation), it was decided that a preventive coating of 
the whole area of all decks was not justifi able from an economical point of 
view at this early time (the service life of coatings is expected to be no 
longer than about 15 years). At the design stage, it was assumed that an 
excellent quality concrete in combination with an adequate concrete cover 
in an uncracked situation can provide acceptable resistance against chloride 
ingress and frost attack even if the concrete surface is uncoated. Only in 
the surface areas, where cracking has to be expected is extra protection 
defi nitively needed. With this approach the high investment costs for a 
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complete coating of all surfaces could be reduced substantially. The target 
service life was set at 50 years (owner requirement).

To operate the structure safely and to ensure the functionality a condition 
control plan was established. The plan consists of:

• types of inspection/monitoring
• defi nitions of components of the structure to be inspected/monitored
• frequency of condition control
• performance criteria to be met
• possible documentation/interpretation of the results
• action in the case of non-conformity with the performance criteria.

Initial inspection was made to verify that areas supposed to be uncracked 
are in fact uncracked (verifi cation of design assumption). If not, a crack-
bridging coating (intervention) was applied immediately.

In the uncracked surface area a monitoring system was installed locally, 
providing information about depth-dependent corrosion risk at specifi c 
locations. Sensors (Anode Ladders) were installed at different locations, 
mainly at low points, expected hot spots with regard to reinforcement cor-
rosion and frost deterioration. The information that will be provided by the 
sensors at low points is the depth of the depassivation front over time. This 
information will be and has been used to continuously update the durability 
calculation.

From the continuously updated information (monitoring, inspection) 
about the probability of occurrence that the reinforcement is starting to 
corrode, an optimal point in time can be determined to apply a preventive 
coating if necessary. The application of the coating has to be accurately 
timed, so that a possible redistribution of chlorides (equalisation of concen-
trations) after application of the coating does not lead to corrosion of the 
reinforcement/pre-stressing bars.

Due to the expected low frequency of the parking deck during opera-
tion (event-dependent utilisation) it is expected that the durability of an 
uncoated but corrosion-resistant-optimised structure is much higher than 
experience shows for parking decks located in congested urban areas. 
Depending on the regularly controlled ingress of chlorides one or two 
coating measures and their associated costs may be saved without any 
restriction to safe operation if compared with the situation of preventive 
coating at the beginning and renewal every 15 years.

16.7 Conclusions

Like in many other industrial sectors the request for on-line monitoring of 
corrosion relevant parameters arises in civil engineering. As corrosion of 
reinforcement is the main cause of deterioration and thus of repair 
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measures, corrosion monitoring is a useful and powerful tool which enables 
the condition of a structure to be assessed permanently and therefore the 
date of intervention optimised. A pre-condition for successful corrosion 
monitoring is a detailed design of the monitoring system with a clear 
description of the monitoring target and a subsequent choice of suitable 
sensors. Furthermore part of the design of a monitoring system is to plan 
installation carefully while the structure is being constructed, to defi ne 
threshold values of the sensors in advance, to describe possibilities of check-
ing the system and the data gathering rate. Finally an ‘information plan’ has 
to be developed in case the condition of the structure should fall below a 
defi ned threshold, including the description of repair measures.

A signifi cant difference from other industrial sectors (like the chemical 
industry) is that in civil engineering the changes of corrosion relevant 
parameters in structures take place rather slowly, thus a low data gathering 
rate is recommended (maybe in combination with a higher data gathering 
rate when the structure is young). Meanwhile many types of corrosion 
sensor measuring either direct parameters (e.g. corrosion rate, depassiv-
ation depth) or indirect parameters (e.g. resistivity) are commercially avail-
able. Some of them have been tested in practice for longer periods of time. 
As the durability of the whole corrosion monitoring system (sensor, cables 
and measuring unit) is a pre-condition for successful monitoring, particular 
attention should therefore be paid to the choice of sensors and system. At 
best the corrosion monitoring system is part of a service life management 
system, which includes service life design calculations. Thereby data from 
corrosion monitoring can be implemented into the update of service life 
design calculations permanently.
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Corrosion monitoring in soil

NA E E M  K H A N, Saudi Aramco, Saudi Arabia

17.1 Introduction

In the early days of the corrosion control industry, buried corrosion coupons 
were used for metal weight loss measurements in soil side applications. 
More recently, instrumented probes have been adapted for use in soils. 
When used in soil side applications, these probes are referred to as ‘soil 
corrosion probes’ (SCP).

SCP are typically used where cathodic protection (CP) potentials cannot 
be reliably measured and corrosion rate measurements are used as an 
alternative to conventional CP criteria for buried pipelines. SCP are con-
nected to the structure so that they receive the same level of CP as the 
structure. Thus even if the measured potential reading on the structure is 
not at the minimum required level, the corrosion rate measurement (milli-
meters per year, or mils per year) can be used as an alternative criterion to 
assess CP effectiveness. Situations where SCP can be useful include low 
levels of cathodic polarization in high resistivity soils, or erroneous potential 
readings due to poor soil contact.

17.2 Types of soil corrosion probes

The pipeline corrosion control industry has moved from using buried 
corrosion coupons for weight loss measurements to modifi ed electrical 
resistance (ER) probes1–2 and linear polarization resistance (LPR) probes, 
typically used for internal corrosion monitoring, for use in soil side appli-
cations. As discussed in Chapters 11, and 3, respectively, the ER probes 
indicate the cumulative metal loss of the sample, while the LPR probes 
give the instantaneous corrosion rate of the exposed metallic sample. 
Newer types of probes have also been developed3 which have a faster 
response time than that of ‘standard’ ER probes. Another new type of 
device being developed is the multielectrode array sensor (Chapter 26), 
for use in corrosion monitoring under cathodic protection conditions.

425
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17.3 Electrical resistance probes

Chapter 11 has described the general aspects of electrical resistance probes. 
This chapter will focus on the application of ER probes in soil environ-
ments. As discussed in Chapter 11, ER probes are based on the principle 
of increase in resistance of a metal strip or wire as a function of metal 
loss, and the resultant reduction in the cross-sectional area of the metal. 
They indicate the cumulative metal loss of the sample. The measurements 
taken using an ER probe are evaluated over time to calculate a corrosion 
rate in millimeters or mils per year.

In applying this technique to soil environments, the probe element of 
known cross-section is exposed to the soil. The electrical resistance of the 
probe is measured after initial installation and at subsequent time intervals. 
As metal is lost from the exposed surface of the probe element, the mea-
sured electrical resistance will increase, allowing the amount of loss to be 
quantifi ed with an ER instrument.

ER soil corrosion probes are available in various sizes, shapes and sensi-
tivities. The size of the probe element must be representative of the possible 
coating defect sizes of the pipelines or structures under investigation. As 
the probe is located in the same soil environment as the protected structure, 
it is assumed that it replicates the effectiveness of the CP applied to the 
structure. The sensitivity of an ER probe is a compromise between the 
response time and the lifetime of the probe. For a probe with 0.635 mm 
(25 mils) useful life and assuming a sensitivity and repeatability of 1% of 
the full scale, the soil corrosion probe system can detect metal thickness 
losses of approximately 0.005 mm (0.2 mils). The life of a probe connected 
to the CP system is usually long because it is protected by the CP. However, 
a probe installed unconnected to the CP to measure the unprotected cor-
rosion rate will have a shorter life. The probe must be replaced when half 
of its thickness has been consumed. The probe element material should 
normally match that of the pipeline or structure as closely as practicable, 
e.g. carbon steel or ductile iron.4

17.3.1 Types of ER probes

ER probes fall into two types:

(a) individual probe
(b) probe installed as part of a test station.

Three designs of individual ER probes are shown below. The fl at surface 
probes in Figs 17.1 and 17.2 are typically used in pipeline applications. The 
probe in Fig. 17.1 is more adaptable to direct burial while the probe in Fig. 
17.2 is better for placement under coatings or poly wrap because it has a 
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low profi le. The multi-core connecting cable is terminated on a multi-pin 
connector that is used to connect to the ER instrument. A separate CP 
connection wire is provided to connect the probe element to the CP circuit 
by connecting it to the protected structure, thus providing CP to the probe 
and allowing the effectiveness of the CP system to be monitored. The CP 

ER probe 

Multi-core
connector
cable  

Connecting cable  

CP Lead wire(a)

(b)

3.00˝

1.15˝

Multi-pin
socket

CP
connection
wire   Multi-pin

connector 

17.1 Flat surface type ER probe.

17.2 Low-profi le sensor for soil or under wrap.
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connection wire can be at the probe end or the connector end. The advan-
tage of having the CP connection at the connector end is that, if required, 
it is possible to disconnect the CP connection in order to obtain the probe 
‘off’ potential measurement. The third design shown in Fig. 17.3 uses a 
cylindrical element and is typically used for concrete applications where it 
simulates a reinforcing bar.

The ER probes shown in Figs 17.1, 17.2 and 17.3 are installed directly in 
the soil or concrete with the connecting cable brought up to a test/monitor-
ing station. ER probes installed as part of a test station are typically ring-
type probes, usually installed at the bottom of a combined probe/test station 
mounting tube, as shown in Figure 17.4. In this confi guration, the probe 
element has been combined with a coupon ring that can be used as a ‘native’ 
potential reference. Both the probe element and the coupon are wired up 
through the mounting tube to the test station head (Fig. 17.5), which includes 
an on/off switch in the circuit connecting the probe element to the CP 
circuit, and a multi-pin socket for connection of the instrument used to take 
a probe measurement. The switch allows ‘off’ potentials to be measured on 
the probe element.

The potentials of the probe element can be recorded using a reference 
cell installed inside the test station mounting tube or in a soil-access tube 
installed next to the test station (Fig. 17.6). This latter arrangement is used 
in high soil resistivity areas, where water-wetting of the reference electrode 
contact point is typically used to counter the high-soil contact resistance. 

17.3 Cylindrical-type ER probe for concrete.
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Pouring water inside the test station mounting tube is not advisable, as 
water seeping down to the probe element will change the soil environment 
in the vicinity of the probe, leading to a change in the CP levels, and there-
fore erroneous corrosion rate results. In the installation arrangement shown 
in Fig. 17.6, the ER probe is connected to the CP source by connecting to 
the CP test station lead wire, rather than directly to the pipeline. This sim-
plifi es the installation, as a wire connection to the pipe is not typically made. 

17.4 Ring-type ER probe.

17.5 ER probe test station head.
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An even more simplifi ed installation routes the cable from a low-profi le 
ER probe (as shown in Fig. 17.2) mounted adjacent to the pipe or under a 
wrap, directly to a connector in the CP test station.

17.3.2 Typical applications

ER soil corrosion probes have been used to determine general corrosion 
rates to determine the effectiveness of CP. ER probes can represent the 
corrosiveness of a bare (uncoated) pipeline in a particular environment. ER 
probes are also employed to model the corrosiveness of a coated pipeline 
at a typically sized defect. This information is typically used for design of 
CP systems or determination of appropriate CP criteria, for example, in 
aggressive environments such as high temperatures or areas susceptible to 
microbiologically infl uenced corrosion (MIC), in mixed-metal systems, or 
in areas susceptible to stray current, telluric currents, alternating current 
(AC) induction and AC induced corrosion.

Data can also be used to establish criteria for protection of ductile or cast 
iron pipe, in mixed-metal systems, systems with cyclical variations in level 
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Test lead
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17.6 Typical ER probe test station installation on pipeline.
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of protection, areas with surface conditions limiting access to the electrolyte 
(such as cased crossings, backfi ll with signifi cant rock content or rock ledges, 
gravel or dry vegetation). Additionally, data can also be used to establish 
criteria for pipelines buried very deep, areas of high contact resistance such 
as pipe located under concrete or asphalt pavement, frozen ground or very 
dry conditions.

ER probes are used in areas where potential criteria are diffi cult or 
impractical to apply. These include: pipelines with adjacent buried or sub-
merged metallic structures; locations at which coatings cause electrical 
shielding; and pipelines with lack of electrical continuity, such as with some 
forms of mechanically coupled pipe that have not been made electrically 
continuous through the use of bonding cables or straps welded across each 
coupling. ER probes are installed at locations that are diffi cult to monitor 
using structure-to-electrolyte potentials, such as the bottom of large-diam-
eter pipelines. In addition, data are often used to determine whether exist-
ing CP levels are adequate for pipelines that have proven impractical to 
meet existing CP criteria.

Other typical applications of ER probes include installations adjacent to 
underground storage tanks, installations under aboveground storage tanks, 
internal surfaces of water tanks and reinforced concrete structures.

17.3.3 Selection of ER probe installation locations

The ER probe is typically installed near the pipe or structure in the same 
soil/electrolyte or environment as the pipe or structure, and the entire 
surface of the probe element typically maintains contact with the soil or 
environment. Loss of contact due to shrinkage, freezing or drying out of the 
soil results in loss of the CP protection, as it would also on the pipe or 
structure.

The ER probe needs to be installed close to the pipe or structure, in the 
same soil/electrolyte as the pipe and structure, and distance from the anode, 
so that the probe sees the same potential fi eld as the structure. This is typi-
cally not a problem on a pipeline where the anode is some distance from 
the pipeline. It is much more critical in situations in which the anode is rela-
tively close to the structure, such as in double-bottomed tanks with an 
anode grid.

Generally, corrosion probes are installed on well-coated pipelines, with 
no history of corrosion in the area, but which have low or erratic potentials. 
They are not recommended for use on pipelines with coatings such as PE 
tapes or three-layer PE coatings, which do not allow CP current to fl ow to 
the pipe surface (‘shielding’) when disbonded from the pipeline. The instal-
lation of probes adjacent to pipelines with poor or disbonded coatings may 
result in erroneous corrosion rate interpretation, if the size of the probe is 
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much smaller than the exposed surface area of the pipe due to coating 
defects, or if corrosion occurs under disbonded coating due to CP current 
shielding. Low profi le type probes (Fig. 17.2) can be used under pipeline 
coatings, to detect and quantify under-coating corrosion at known dis-
bonded coating locations, or under poly wrap on ductile iron pipes.4

17.4 Monitoring and data interpretation

Probes are permanently installed and measurements should be made on a 
periodic basis. As a guide, the probe is typically monitored at least once a 
month for the fi rst 12 months. Thereafter, the monitoring frequency is re-
evaluated to determine whether more or less frequent readings are war-
ranted. An ER instrument is used to measure the cumulative metal loss on 
the corrosion probe (see Figs. 17.7 and 17.8). For probe potential measure-

17.7 Portable ER instrument.
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17.8 Portable ER instrument connected to SCP test station.

17.9 Typical corrosion rate graph.
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ments, the probe ‘off’ potential is measured by interrupting the current fl ow 
to the probe.

The graph in Fig. 17.9 is an example of the data derived from ER probe 
measurements. The corrosion rate between any two measurement times is 
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the difference in metal-loss measurements divided by the time difference 
and annualized, i.e., the slope of the metal-loss curve between the selected 
times. For a series of measurements, the average corrosion rate is calculated 
using regression analysis from the slope of the trendline as calculated by 
the least squares method. Most graphing programs, such as an electronic 
spreadsheet, have built-in capability to calculate slopes.

The average corrosion rate (C) can also be calculated using Equation 
[17.1]:

C
P S S

T
= × −

×
365

1000
2 1( )

∆
 [17.1]

Where:

S1 = the fi rst reading
S2 =  the second (later) reading in divisions (1/1000 of probe span) 

from typical ER instrument readings
∆T = the time in days between readings
P =  the ‘probe element span’ (‘probe constant’) specifi ed by the 

probe manufacturer.

If the probe element span is entered in millimeters the corrosion rate will 
be in millimeters per year. If the probe span is entered in mils the corrosion 
rate will be in mils per year.

17.5 Effectiveness criteria

An average corrosion rate of less than 0.025 mm/year (1.0 mil/year) over 
a 12-month monitoring period is generally accepted as an indication that 
CP is effective at the location of the probe. This criterion is often modi-
fi ed based on visual examination of the probe element after a burial time 
exceeding 12 months, and also depending on the condition/integrity of 
the structure during this time period.

SAA AS 2832.15 includes a protection criterion incorporating a corrosion 
rate not exceeding approx. 0.005 mm/year (0.2 mils/year) in combination 
with an instantaneous ‘off’ potential of −850 mV or 100 mV more negative 
than the depolarized potential.
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Corrosion monitoring under coatings
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Dublin, OH, USA

18.1 Introduction

Coatings, including organic and metallic coatings, have been used in many 
industries as a means to provide protection from a corrosive environment 
and thus extend the lifetime of the protected structure. Although organic 
and metallic coatings are both used for protection, most metallic coatings 
usually serve as the sacrifi cial anode in the coating–substrate couple, such 
as a zinc coating on steel and the aluminum clad layer on aluminum alloys, 
whereas organic coatings provide protection mainly through the barrier 
properties of the fi lm. In some industries (e.g., aircraft industry), other 
coating-like products – corrosion prevention compounds (CPC) – have 
also been widely used to provide protection for the interior surface of 
joints due to the wicking and water displacement ability that CPCs 
possess.

An organic coating system often consists of a conversion coating, primer 
and a top coating. Sometimes, inhibitors such as chromate are incorporated 
into the organic coating to further inhibit corrosion. Some researchers are 
also working on developing a smart coating system through which inhibitors 
can be delivered to a corroded site as needed.1

The protection offered by organic coatings is mainly determined through 
isolation from the aggressive environment, by adhesion opposing corrosion 
initiation at the metal/coating interface, and through structural changes 
taking place during curing of the coatings.2 Therefore, many times, coatings 
that have good barrier properties would be better choices for isolating the 
corrosive environment from the protected structure, although sometimes it 
is necessary to have a porous coating so that the penetrated electrolyte can 
trigger the inhibitive action of the pigment in the coating.3 Frequently, 
however, corrosion could initiate if aggressive species and water are trans-
ported through the defects (pores) in the coating and reach the substrate/
coating interface.

436



 Corrosion monitoring under coatings 437

The initiation of corrosion and failure of coatings usually can be identi-
fi ed via visual inspection because the failure of protection from organic 
coatings generally results in the formation of blisters and delaminated 
regions. However, these features usually cannot be observed until the later 
stages of corrosion. Most times, it is desirable to identify corrosion at an 
earlier stage to reduce the impact of corrosion and to reduce the overall 
maintenance that is needed. Thus, monitoring of coating degradation is of 
great importance to the corrosion engineer.

18.2 Corrosion monitoring methods under coatings

It is usually desired that any technique capable of monitoring under coating 
corrosion not be destructive so that corrosion could be detected while 
maintaining the integrity of the protected structure. Both Electrochemical 
Impedance Spectroscopy (EIS) and Electrochemical Noise (EN) are non-
destructive techniques. In particular, EIS has been successfully used in 
many cases to detect coating delamination, corroded area under coatings. 
During the last decade, many efforts have been made in order to use it for 
under coating corrosion monitoring. One typical benefi t of EN technique 
over EIS is that it does not require any perturbation of the system of 
interest.

The theories of EIS and EN techniques were introduced in Chapter 4. 
Although the use of these two techniques is not limited to coatings, this 
section will only review the applications where EIS and EN were used to 
detect and monitor corrosion under organic coatings. The applications of 
several other techniques will also be reviewed.

18.2.1 Electrochemical Impedance Spectroscopy (EIS)

The use of EIS to study the corrosion has been broadened signifi cantly 
since it was introduced by I. Epelboin and coworkers.4 The behavior of 
a coated metal can be represented with an equivalent circuit model, which 
has been well developed.5 The typical models for a coated metal are 
shown in Fig. 18.1. An equivalent circuit model usually consists of Rs, Rp 
and Cc that characterize the solution resistance, coating resistance (or 
pore resistance), and coating capacitance, respectively. The Z1 component 
in the general model in many systems consists of a capacitance that 
characterizes the double layer behavior and a resistance that refl ects 
the charge transfer resistance (or polarization resistance). In the case 
that diffusion through the coating is of concern, the Z1 component 
can be characterized with the charge transfer resistance and a Warburg 
impedance.
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Much information can be obtained by carefully fi tting the EIS data to a 
meaningful equivalent circuit model, such as coating capacitance, pore resis-
tance (coating resistance), double layer capacitance and charge transfer 
resistance (polarization resistance). These parameters can be related to the 
coating performance, such as delamination area and corroded area under 
coating, for many coating systems.

Coating capacitance depends on the thickness of the coating (d) and the 
total sample area (A) that was tested:

C
A

d
c = εε0  [18.1]

where e and e0 are the coating dielectric constant and the free space dielec-
tric constant, respectively. Thus, by monitoring the change in the coating 
capacitance, it is possible to monitor possible water uptake in a coating 
system. This is an essential step to evaluate the coating performance because 
water uptake would subsequently cause the loss of adhesion at the coating–
metal interface.6–8 The coating dielectric constant is very sensitive to the 
uptake of water. The volume fraction (v) of electrolyte absorbed by the 
coating can be determined based on the coating capacitance:9

v = log[C(t)/C(0)]/log80 [18.2]

where C(t) and C(0) are the coating capacitance after exposure of time 
period t and that at time zero, respectively. Water uptake determined from 
coating capacitance has been found to correlate well with that determined 
gravimetrically, as shown in Fig. 18.2.10 In many cases, a coating that absorbed 
less water is likely to indicate better performance as the water/electrolyte 

General model
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RPRP
Rt
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RW

RW RW

18.1 Typical equivalent circuit models for a coating.5
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that diffuses through the coating and reaches the metal/coating interface 
could often serve as the precursor of localized corrosion. Thus, the ranking 
of coating performance determined by water uptake during the earlier time 
period of exposure could correlate well with that obtained by other vari-
ables such as coating resistance.11 Touhsaent and Leidheiser also found that 
coatings that absorbed less water at earlier times calculated according to 
coating capacitance performed better than others that showed more water 
uptake during two years of atmospheric exposure.12 In some cases, studying 
water uptake is essential for understanding the protective mechanism 
through which a coating provides protection. Defl orian and Felhosi found 
that the low barrier properties of a coating, meaning more water uptake, 
actually induced the activation of the pigment inhibitive action.3 Therefore, 
in this case, the coating provided protection not simply through the barrier 
properties.

Coating resistance is usually infl uenced by the presence of defects and 
conductivity through the pores.3 Frequently, coating resistance was observed 
to decrease as the exposure time increased.13,14 Haruyama et al. suggested 
that the coating resistance was related to the delamination area:15

Rp = R0
P/Ad [18.3]

where R0
P = rd(ohm-cm2) and Ad is the delamination area. The coating 

resistivity (r) and the coating thickness (d) were assumed to be constant 
during the exposure. Thus caution should be taken when water uptake in 
the coating resulted in the change in the coating thickness. Mansfeld and 
Tsai found that there was an excellent agreement between the estimated 
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18.2 Weight percent water uptake by a polybutadiene coating as 
determined from the capacitance and as determined gravimetrically.10
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delamination degree based on the coating resistance and visual observation. 
And thus, it is possible to determine the delaminated area under the coating 
from EIS data.14 Kendig et al. have demonstrated the correlation of coating 
resistance and the under-corrosion extent as determined based on ASTM 
D610.5 As shown in Fig. 18.3, the corrosion extent (CORR) increased with 
the decrease in the coating resistance (Rp).
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After the electrolyte is absorbed by the coating and the metal/coating 
interface penetrated, a double layer forms and corrosion is initiated. As a 
result, the double layer capacitance is increased from zero and can be 
related to the disbonded area (Ad):6

Cd = C0
dAd [18.4]

where C0
d is the area specifi c capacitance that can be determined from bare 

metal with known area in a simulated underfi lm solution.6 Using Equation 
[18.4], the disbonded area could be determined from double layer capaci-
tance. The double layer capacitance has been used by people to calculate 
the corroded area or delaminated area under coatings.8,16–19

Charge transfer resistance Rt (polarization resistance) describes the 
electrochemical processes taking place at the metal/coating interface. 
Similar to the polarization resistance determined via DC electrochemical 
techniques, such as the linear polarization resistance (LPR) method, a 
corrosion rate could be obtained but this rate corresponds with the under-
coating corrosion.20 Frequently, however, the low frequency impedance 
(sometimes corrected by the solution resistance), which is the summation 
of coating resistance and sometimes the charge transfer resistance, has 
been used to evaluate the coating performance. Scully found that the low 
frequency impedance correlates well with the open circuit potential (OCP) 
measurement.21 Specifi cally, the OCP for an epoxy polyamide-coated steel 
sample is either unstable or positive when low frequency impedances are 
high. When impedances decreased below 107 ohms/cm2, the OCP was mea-
sured as −650 mV vs. Ag/AgCl, as shown in Fig. 18.4. Others also found 
that low frequency impedances could be correlated to the coating 
performance in various application cases and thus a critical value of 
low frequency impedance could be used to identify the failure of a 
coating.16,22

Another approach that has been used frequently to detect corrosion 
under coatings is the breakpoint frequency method. Breakpoint frequency 
is defi ned as the frequency where the phase angle drops to 45°.15 The break-
point frequency at high frequency is related to the disbonded area (At):

fh = (1/2πee0r) = Kf(At/A0) [18.5]

where A0 is the surface area of the coated sample and Kf is a material con-
stant. Hack and Scully demonstrated the correlation of high frequency 
breakpoint frequency and the ASTM D-610 rating of an epoxy coated steel 
sample (Fig. 18.5).23

Clearly, the breakpoint frequency was higher as coating damage increased. 
Since the breakpoint frequency can be determined at high frequency and 
without running a full frequency sweep, the measurement can be performed 
rapidly.6 A few others have also demonstrated the use of breakpoint 
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frequency to evaluate coating performance and detect coating 
delamination.13,14,24

Note Equation [18.5] is valid based on the assumption that the electric 
constant and the coating resistivity did not change signifi cantly during expo-
sure. This situation is usually not true considering that the coating electric 
constant will change as water uptake occurs. To overcome this problem, 
Mansfeld proposed to use the ratio of breakpoint frequency and the 
minimum of frequency (fmin):13

fb/fmin = (Cdl/Cc)1/2 = (C0
dl/C0

c)D1/2 [18.6]

This ratio is independent of coating resistivity. The results by this method 
agree with the time dependence of Rpo.13

Like many other corrosion mitigation methods, the challenge of corro-
sion prevention is to be able to predict when the coating will fail based on 
short term test data. To achieve this, many authors have successfully cor-
related several different parameters determined from impedance to the 
long-term performance of coatings. Kendig et al. found that the time depen-
dence of polarization resistance for a coated steel observed with fi ve days 
of exposure in 0.5 M NaCl predicts the failure that occurred at three weeks.5 
With the impedance at 10 mHz and breakpoint frequency determined at 
ten days’ exposure, Scully was able to predict the coating performance after 
550 days in service.21,25 Scully also found that the prediction was successful 
only at times suffi cient to permit permeation of specifi cally H2, O2, Na+ and 
to a lesser extent Cl− through the coating to the reacting metallic interface.21 
When using impedance to study the performance of CPC, Gui and Kelly 
also found that the low frequency impedance at short time period of expo-
sure was able to predict the coating performance after six months of 
exposure.16

The nondestructive nature of EIS has made it one of the most frequently 
used electrochemical techniques for corrosion performance evaluation of 
coating systems. As discussed, the parameters determined from impedance 
data can generally be related to the coating performance, characterized by 
water uptake, delaminated or disbonded area, and corroded area under 
coating. However, caution needs to be taken when using EIS simply because 
much information could be obtained from a single measurement. Specifi -
cally, the determination of the parameters described in this chapter is not 
a simple task. Many models could be obtained by fi tting the impedance data 
but only the one that has physical meanings should be considered as the 
representative model for the coating behavior. Additionally, some of the 
parameters, such as low frequency impedance, could be time consuming 
especially at extremely low frequency range.

Although the bulk of the efforts in EIS so far have been limited to labora-
tory investigations, some efforts have been undertaken to apply this technol-
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ogy to fi eld measurements of coating performance. Several authors have 
demonstrated the use of impedance-based sensors for monitoring under-
coating corrosion. Although the design of these sensors is different, essen-
tially they function by measuring the impedance of a two-electrode system 
under the coating. Simpson et al. demonstrated the use of an atmospheric 
electrochemical sensor to monitor coating degradation in atmosphere (Fig. 
18.6).26 The sensor consists of a painted steel coupon on which a sputter 
coated electrode has been deposited to serve as a reference/counter elec-
trode combination. Van Westing et al. was able to monitor the curing extent 
of coatings with a dielectric sensor that consists of a glass plate with a golden 
grid applied to the surface.27 With a sensor buried in the structure in ques-
tion, Brossia and Dunn successfully monitored the coating degradation.28 In 
the work by Brossia and Dunn, a parameter was obtained from three dif-
ferent frequencies and the authors were able to identify the quality of the 
coating during approximately one month of exposure. Similarly, Dacres and 
Davis also developed an electrochemical in situ sensor for detecting corro-
sion under coatings on aging aircraft. Essentially, the low frequency imped-
ance (defi ned as Near-DC impedance) was monitored with the sensor 
embedded in the coating system. The results obtained from this sensor were 
consistent with that obtained by conventional three electrodes measure-
ment.29 Tsai and Mansfeld demonstrated the use of the impedance at 100 Hz 
and 10 000 Hz to detect delamination ratio D (the ratio of the delaminated 
area to the initial sample area).11 All these methods did not require the use 
of the conventional electrochemical cell or a sweep over a relatively wide 
frequency range. Therefore, the detection and monitoring of corrosion under 
coatings can be achieved in the fi eld with proper design and consideration 
of probe/element/electrode placement.

1.5
mm Bonding
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18.6 Schematic of the atmospheric electrochemical monitor used by 
Simpson et al.26
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18.2.2 Electrochemical Noise (EN)

The impedance technique, although powerful and capable of detection 
under coating delamination via several parameters, can be complicated. 
Compared to the impedance technique, electrochemical noise does not 
introduce any perturbing signal to the system of interest. Instead, the current 
and voltage fl uctuations are obtained at the open circuit potential.30 
Many efforts have been made to use electrochemical noise for coating 
evaluations.30–37

Although many different parameters could be determined from the anal-
ysis of impedance data, in general the analysis of electrochemical noise only 
generates the electrochemical noise resistance (Rn), defi ned as:

Rn = σV/σI [18.7]

where sV and sI are the standard deviation of the potential noise and the 
current noise, respectively. Many authors have demonstrated that the elec-
trochemical noise usually decreases with increases in exposure time, which 
is very similar to that observed from EIS.30,34–37 Skerry and Eden also found 
that good paints exhibited relatively large voltage noise and relatively small 
current noise compared to poor paint coatings.37 However, many also agreed 
that although the general trend of noise resistance change with time is 
similar to the parameters (e.g. Rt) determined from impedance, the numeri-
cal values were considerably different. As a result, most of the published 
work has been using EN techniques in conjunction with electrochemical 
impedance techniques. Further research and theoretical work still needs to 
be conducted to build more confi dence in using electrochemical noise to 
monitor corrosion under coating.

18.2.3 Other techniques

Besides the conventional electrochemical techniques, some other tech-
niques have also been developed as an effort to provide alternative means 
to monitor under-coating corrosion.

For fi eld application, online monitoring of corrosion under coatings is 
always a challenge. Using coupled multielectrode sensors, Sun monitored 
the degradation process of a few different coatings on carbon steel.38 The 
current signal changed with the increase in exposure time and the signal 
from the sensors was sensitive enough for detecting the corrosion that had 
initiated under coating. The sensitivity makes this technique appropriate for 
fi eld applications but the author did not address how to implement the 
sensors with a protected structure.

Recently, the development of imaging techniques has made it possible 
for them to be used to study corrosion under coating. Schneider et al. suc-
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cessfully used confocal laser scanning microscopy (CLSM) as a tool to 
monitor the corrosion underneath organic coatings.39 The ability of CLSM 
to monitor the topography change of the substrate surface and the coating 
due to the initiation of corrosion under coating was demonstrated. Souto 
et al. demonstrated the use of scanning electrochemical microscopy to 
monitor electroactive species so that the activity under coating could be 
identifi ed.40 Many authors have also used a Scanning Kelvin Probe (SKP) 
to detect the initiation of corrosion under coating and to understand the 
initiation mechanism.41–44 However, these techniques usually require expen-
sive instruments. Furthermore, some instruments such as CLSM and SKP 
are extremely sensitive to the environment. The requirement on the samples 
is also often more strict than that for EIS and EN. Therefore, these micro-
scope techniques are more suitable for using in the laboratory for mecha-
nistic study.

18.3 Summary and conclusions

Several methods have been employed to study coating performance and 
degradation with the bulk of previous efforts focused on laboratory studies. 
Some of these approaches have begun to be adopted and applied for fi eld 
monitoring of coating performance to varying degrees. Of these methods, 
EIS appears to have shown the greatest promise but more efforts need to 
be undertaken to broaden its application in fi elds. Other techniques, such 
as EN and impedance based sensors, have been employed in the fi eld of 
monitoring although some more studies have to be performed to correlate 
EN results with the coating performance. Furthermore, the implementation 
of the techniques with real structures still needs to be further addressed.
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Cathodic protection monitoring

A L L E N  C A R L I L E, Kinder Morgan, USA

19.1 Introduction

Cathodic protection is the application of a DC current onto a metal 
structure that is in contact with an electrolyte. Cathodic protection is pro-
vided from a DC current fl owing from an anode into an electrolyte. The 
current fl ows from the anode into and through the electrolyte and onto the 
protected structure (cathode) and back to the anode by a metallic path. 
Sacrifi cial and Impressed systems are used to provide cathodic protection 
for buried or submerged structures.

For cathodic protection to be effective the DC current needs to be 
applied to the structure in amounts that will cause the positive and negative 
charges in metal that are contacting the electrolyte to polarize (Fig. 19.1 
intergranular pattern not polarized and Fig. 19.2 intergranular pattern 
polarized). Cathodic protection can be provided from sacrifi cial or 
impressed systems (Fig. 19.3 typical impressed). The design of cathodic 
protection systems is key to insuring that cathodic protection currents are 
applied to the structures in adequate amounts to insure polarization is 
established and to insure current distribution is optimal. Monitoring 
cathodic protection is important in insuring that the structure being pro-
tected is receiving adequate current to insure cathodic protection is effec-
tive. Monitoring can be comprised of different techniques, equipment and 
methods. Information gained from monitoring cathodic protection can be 
used to determine effectiveness of cathodic protection, tracking how envi-
ronmental changes affect structures, graphing, trending and interacted with 
risk modeling.

19.2 Cathodic protection monitoring

19.2.1 Cathodic protection monitoring to insure value of assets

Cathodic protection and monitoring of cathodic protection systems are 
crucial in insuring the functionality and long term fi nancial gain of assets. 
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19.1 Intergranular pattern, no polarization.

It was reported that one particular system was having three or four leaks 
per month. The cathodic protection systems had not been kept in a func-
tional state. Ground beds had depleted and were in need of replacement 
allowing the corrosion process to be active in areas where the structure 
was in contact with soil. After an upgrade and addition of cathodic protec-
tion systems and close monitoring to insure effectiveness, the leak rate 
dropped by 85%. There was obvious immediate fi nancial gain and the 
assets are still functional today. The value of the assets is substantially 
more today, than in the 1970s. Cathodic protection monitoring can consist 
of many different items. Some of the components to be monitored after 
a system is energized, functional and adjusted are structure to soil poten-
tials, rectifi er output, impressed anode current output, galvanic anode 
output and bonds mitigating interference corrosion. NACE Standard 
RP0169-2002 – Standard Recommended Practice – Control of External 
Corrosion On Underground or Submerged Metallic Piping Systems – 
Section 10 – Operation and Maintenance of Cathodic Protection Systems 
states:
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19.3 Typical impressed cathodic protection system.
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10.1 Introduction
10.1.1 This section recommends procedures and practices for energizing and 
maintaining continuous, effective, and effi cient operation of cathodic protec-
tion systems.
10.1.1.1 Electrical measurements and inspection are necessary to determine 
that protection has been established according to applicable criteria and that 
each part of the cathodic protection system is operating properly. Conditions 
that affect protection are subject to change. Correspondingly, changes may be 
required in the cathodic protection system to maintain protection. Periodic 
measurements and inspections are necessary to detect changes in the cathodic 
protection system. Conditions in which operating experience indicates that 
testing and inspections need to be made more frequently than recommended 
herein may exist.
10.1.1.2 Care should be exercised in selecting the location, number, and type 
of electrical measurements used to determine the adequacy of cathodic 
protection.
10.1.1.3 When practicable and determined necessary by sound engineering 
practice, a detailed (close-interval) potential survey should be conducted to 
(a) assess the effectiveness of the cathodic protection system; (b) provide base 
line operating data; (c) locate areas of inadequate protection levels; (d) iden-
tify locations likely to be adversely affected by construction, stray currents, 
or other unusual environmental conditions; or (e) select areas to be moni-
tored periodically.
10.1.1.4 Adjustments to a cathodic protection system should be accompa-
nied by suffi cient testing to assure the criteria remain satisfi ed and to reassess 
interference to other structures or isolation points.
10.2 A survey should be conducted after each cathodic protection system is 
energized and/or adjusted to determine whether the applicable criterion or 
criteria from Section 6 have been satisfi ed.
10.3 The effectiveness of the cathodic protection system should be moni-
tored annually. Longer or shorter intervals for monitoring may be appropri-
ate, depending on the variability of cathodic protection factors, safety 
considerations, and economics of monitoring.
10.4 Inspection and tests of cathodic protection facilities should be made to 
ensure their proper operation and maintenance as follows:
10.4.1 All sources of impressed current should be checked at intervals of 
two months. Longer or shorter intervals for monitoring may be appropriate. 
Evidence of proper functioning may be current output, normal power con-
sumption, a signal indicating normal operation, or satisfactory cathodic pro-
tection levels on the pipe.
10.4.2 All impressed current protective facilities should be inspected annu-
ally as part of a preventive maintenance program to minimize in-service 
failure. Longer or shorter intervals for monitoring may be appropriate. Inspec-
tions may include a check for electrical malfunctions, safety ground connec-
tions, meter accuracy, effi ciency, and circuit resistance.
10.4.3 Reverse-current switches, diodes, interference bonds, and other pro-
tective devices, whose failures would jeopardize structure protection, should 
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be inspected for proper functioning at intervals of two months. Longer or 
shorter intervals for monitoring may be appropriate.
10.4.4 The effectiveness of isolating fi ttings, continuity bonds, and casing 
isolation should be evaluated during the periodic surveys. This may be accom-
plished by electrical measurements.
10.5 When pipe has been uncovered, it should be examined for evidence of 
external corrosion and, if externally coated, for condition of the external 
coating.
10.6 The test equipment used for obtaining each electrical value should be 
of an appropriate type. Instruments and related equipment should be main-
tained in good operating condition and checked for accuracy.
10.7 Remedial measures should be taken when periodic tests and inspec-
tions indicate that cathodic protection is no longer adequate. These measures 
may include the following:
10.7.1 Repair, replace, or adjust components of cathodic protection systems;
10.7.2 Provide supplementary facilities where additional cathodic protec-
tion is necessary;
10.7.3 Thoroughly clean and properly coat bare structures if required to 
attain cathodic protection;
10.7.4 Repair, replace, or adjust continuity and interference bonds;
10.7.5 Remove accidental metallic contacts; and
10.7.6 Repair defective isolating devices.
10.8 An electrical short circuit between a casing and carrier pipe can result 
in inadequate cathodic protection of the pipeline outside the casing due to 
reduction of protective current to the pipeline.
10.8.1 When a short results in inadequate cathodic protection of the pipeline 
outside the casing, steps must be taken to restore cathodic protection to a 
level required to meet the cathodic protection criterion. These steps may 
include eliminating the short between the casing and carrier pipe, supple-
menting cathodic protection, or improving the quality of the external coating 
on the pipeline outside the casing. None of these steps will ensure that exter-
nal corrosion will not occur on the carrier pipe inside the casing; however, a 
shorted casing does not necessarily result in external corrosion of the carrier 
pipe inside the casing.
10.9 When the effects of electrical shielding of cathodic protection current 
are detected, the situation should be evaluated and appropriate action taken.

In addition to consistent monitoring of these items NACE Standard 
RP0169-2002 – Standard Recommended Practice – Control of External 
Corrosion On Underground or Submerged Metallic Piping Systems – 
Section 11 recommends that records be kept on the following:

Section 11: External Corrosion Control Records

11.1 Introduction
11.1.1 This section describes external corrosion control records that will 
document in a clear, concise, workable manner, data that are pertinent to the 
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design, installation, operation, maintenance, and effectiveness of external 
corrosion control measures.
11.2 Relative to the determination of the need for external corrosion control, 
the following should be recorded:
11.2.1 Corrosion leaks, breaks, and pipe replacements; and
11.2.2 Pipe and external coating condition observed when a buried structure 
is exposed.
11.3 Relative to structure design, the following should be recorded:
11.3.1 External coating material and application specifi cations; and
11.3.2 Design and location of isolating devices, test leads and other test 
facilities, and details of other special external corrosion control measures 
taken.
11.4 Relative to the design of external corrosion control facilities, the fol-
lowing should be recorded:
11.4.1 Results of current requirement tests;
11.4.2 Results of soil resistivity surveys;
11.4.3 Location of foreign structures; and
11.4.4 Interference tests and design of interference bonds and reverse-
current switch installations.
11.4.4.1 Scheduling of interference tests, correspondence with corrosion 
control coordinating committees, and direct communication with the con-
cerned companies.
11.4.4.2 Record of interference tests conducted, including location of tests, 
name of company involved, and results.
11.5 Relative to the installation of external corrosion control facilities, the 
following should be recorded:
11.5.1 Installation of cathodic protection facilities:
11.5.1.1 Impressed current systems:
11.5.1.1.1 Location and date placed in service;
11.5.1.1.2 Number, type, size, depth, backfi ll, and spacing of anodes;
11.5.1.1.3 Specifi cations of rectifi er or other energy source; and
11.5.1.1.4 Cable size and type of insulation.
11.5.1.2 Galvanic anode systems:
11.5.1.2.1 Location and date placed in service;
11.5.1.2.2 Number, type, size, backfi ll, and spacing of anodes; and
11.5.1.2.3 Wire size and type of insulation.
11.5.2 Installation of interference mitigation facilities:
11.5.2.1 Details of interference bond installation:
11.5.2.1.1 Location and name of company involved;
11.5.2.1.2 Resistance value or other pertinent information; and
11.5.2.1.3 Magnitude and polarity of drainage current.
11.5.2.2 Details of reverse-current switch:
11.5.2.2.1 Location and name of companies;
11.5.2.2.2 Type of switch or equivalent device; and
11.5.2.2.3 Data showing effective operating adjustment.
11.5.2.3 Details of other remedial measures.
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11.6 Records of surveys, inspections, and tests should be maintained to 
demonstrate that applicable criteria for interference control and cathodic 
protection have been satisfi ed.
11.7 Relative to the maintenance of external corrosion control facilities, the 
following information should be recorded:
11.7.1 Maintenance of cathodic protection facilities:
11.7.1.1 Repair of rectifi ers and other DC power sources; and
11.7.1.2 Repair or replacement of anodes, connections, wires, and cables.
11.7.2 Maintenance of interference bonds and reverse current switches:
11.7.2.1 Repair of interference bonds; and
11.7.2.2 Repair of reverse-current switches or equivalent devices.
11.7.3 Maintenance, repair, and replacement of external coating, isolating 
devices, test leads, and other test facilities.
11.8 Records suffi cient to demonstrate the evaluation of the need for and 
the effectiveness of external corrosion control measures should be maintained 
as long as the facility involved remains in service. Other related external cor-
rosion control records should be retained for such a period that satisfi es 
individual company needs.

19.3 Cathodic protection monitoring techniques

Monitoring of cathodic protection can be accomplished using several dif-
ferent methods. One tool for monitoring cathodic protection effectiveness 
on a structure is using portable copper/copper sulfate reference cells for 
measuring structure to soil potentials. The reference cells are placed in 
close proximity to the structure on which the cathodic protection levels are 
being measured. It is important to insure good technique is used when 
obtaining structure to soil information and be sure to observe the polarity 
of the reading insuring the polarity is correct and the structure is polarized 
negative. In addition to portable copper/copper sulfate reference cells per-
manent reference cells can be used. Common locations for permanent ref-
erence cells are under the fl oors of above ground tanks, structure crossings 
where interference corrosion is a concern or areas on a structure where 
environmental changes can infl uence the structure in an undesirable way. 
Permanent reference cells can be used with remote monitors. Cathodic 
protection coupons can also be used to monitor effectiveness and levels of 
cathodic protection. Electrical measurement of coupons can be used to 
determine the effectiveness of cathodic protection systems. Coupons that 
are installed for electrical measurement need to be buried in the same 
electrolyte as the structure to be evaluated. Coupons that are used for 
electrical measurement need a wire connecting them to the cathodic protec-
tion circuit being evaluated. Structure to soil measurements can be made 
on the coupon allowing evaluation of structure to soil measurements with 
current applied and structure to soil measurements that are IR free. The 
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use of another (second) coupon in electrical measurements where the 
second coupon is not attached to the structure will allow the evaluation of 
static potentials on the coupon (Figure 19.4 coupon test stations). ANSI/
NACE RP0104-2004 Standard Recommended Practice – The Use of 
Coupons for Cathodic Protection Monitoring Applications – Section 3 – 
Applications states:

3.1 Coupons may be used for potential measurements on pipelines and 
many other structures. When properly installed and maintained, coupons may 
be used, either by themselves or in conjunction with other measurement 
techniques, for evaluating compliance with CP criteria. It has long been real-
ized that an IR drop that produces an error in the structure-to-electrolyte on 
potential exists in the electrolyte and across the coating. This IR-drop error 
varies from pipeline to pipeline and along the length of a given pipe because 
of variations in soil resistivity, depth of burial, coating condition, stray current, 
local and long-line corrosion cells, and the magnitude of CP current. This IR 
drop may be determined by measuring the difference between the on poten-
tial and the instant-off potential of a structure immediately after interrupting 
the CP current. The instant off potential measured without perceptible delay 
after interruption is an accepted method of determining the polarized poten-
tial of the pipe.
3.2 The CP coupon methodology may be used as an alternative to the con-
ventional instant-off potential measurement for evaluating the effectiveness 
of a CP system. By disconnecting the coupon from the pipe (and therefore, 
from the CP system as well) and measuring the potential of the coupon 

Coupon test station

Test station for coupons

Ground level

Coupon not attached to structure

Coupon attached to structure

Structure with cathodic protection

19.4 Coupon test station.
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surface with a reference electrode located very close to the coupon or in a 
soil-access tube, the instant-off potential errors for the coupon are either 
eliminated or minimized.
3.3 The CP coupon polarized (off) potential is not identical to the conven-
tional structure-to-electrolyte off potential measured from the surface of the 
ground. The structure-to-electrolyte off potential is affected by many factors, 
including:

•  the number and distribution of holidays along and around the structure 
surface both near to and far from the coupon,

•  variations in the specifi c conductance of the coating along and around the 
structure surface both near to and far from the coupon,

•  possibly large surface areas exposed to the electrolyte (especially for bare 
pipe),

•  different electrolyte conditions (soil type, moisture content, chemistry, 
resistivity, temperature, and amount of oxygen) along the length and 
depth of the pipe,

•  different current densities along and around the surface of the pipe, result-
ing in different levels of polarization,

•  long-line currents and local currents established between areas with dif-
ferent levels of polarization,

•  interference effects from foreign CP systems, telluric currents, and other 
alternating current (AC) and direct current (DC) stray current sources, 
and

•  bimetallic structure connections that may be inadvertently or deliberately 
in contact with the cathodically protected structure.

3.4 Because of these differences, when a structure-to-electrolyte potential is 
measured, each measurement is actually a weighted average of all the areas 
exposed to the electrolyte. It has been demonstrated that the polarized poten-
tial of exposed steel at small holidays on large diameter pipelines can vary 
signifi cantly over small distances because of the factors listed in Paragraph 
3.3. The signifi cance of these differences on an individual structure-to-
electrolyte measurement is usually diffi cult to determine. In contrast, the 
polarized potential of the coupon represents the polarized potential of a 
single, small area of either an uncoated structure or a coating defect (holiday) 
on a coated structure.
3.5 When a coupon is installed close to the structure and the electrolyte 
around each is the same, the coupon essentially receives the same level 
of CP current and attains the same level of polarization as an adjacent 
equal area of the structure that has the same resistance-to-earth. This 
allows CP measurements to be made on the coupon from which the CP 
status of the structure in that area may be determined. The coupon 
method evaluates the effectiveness of a CP system based on an accurate 
polarized potential measurement of a coupon (representing an equivalent 
surface on the structure) rather than a structure-to-electrolyte off-potential 
measurement that may contain errors. This is especially true when error 
sources are known to be near the measurement area. Coupons may be 
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used to obtain signifi cant information on the level of protection supplied 
by a CP system to a structure. The instant-disconnect potential, depolar-
ization behavior, and the current picked up by the CP coupon can be 
easily measured.
3.6 Coupons may be used in a wide variety of applications. The most 
common usage is for buried or submerged pipelines. They are also used for 
USTs, on-grade storage tank bottoms, reinforcing steel in concrete, internal 
surfaces of elevated or on-grade water storage tanks, and various other 
structures in aqueous environments. Information on these applications can 
be found in Appendices A, B, and C. Pipelines that can use coupons include 
transmission, distribution, gathering, utility, and in-plant piping. Coupons 
may also be used for cable-carrying piping or conduit that is buried or sub-
merged and protected from external corrosion with CP.
3.7 Coupons may be used when any of the following conditions occur:

(a)  current from multiple rectifi ers must be interrupted synchronously (or 
a nonsynchronous interruption method, like the wave-form analyzer or 
stepwise reduction method, must be used);

(b)  foreign CP systems are present in the area, for which either the locations 
are unknown or the rectifi ers cannot be interrupted, resulting in IR-drop 
errors in the off-potential measurement;

(c)  the presence of directly connected sacrifi cial anodes that cannot be inter-
rupted, resulting in IR-drop errors in the off-potential measurement;

(d)  long-line or telluric currents that result in IR-drop errors that interrup-
tion cannot eliminate;

(e)  stray current that causes signifi cant IR-drop errors in the off-potential 
measurement;

(f)  structures utilizing polarization or depolarization criterion;
(g)  locally corrosive areas in an otherwise noncorrosive environment;
(h)  rapid IR transients (spikes) immediately following interruption that 

cause errors in the off-potential measurement;
(i)  simple averaging over a length of pipe based on structure-to-electrolyte 

measurements made at grade that cause local potential fl uctuations to be 
underestimated;

(j)  multiple pipelines in the same right-of-way that produce interference 
with one another, thus preventing an accurate measure of any individual 
line;

(k)  the structure may be under the infl uence of alternating current; and
(l)  no known CP problem exists, but additional information is desired.

3.8 In areas where multiple impressed-current sources infl uence the 
structure-to-electrolyte potential, interruption of all current sources is not 
always practical. A coupon may be disconnected from the structure and its 
instant-disconnect potential measured to evaluate the protection level with 
respect to the relevant polarized potential criterion. Additionally, a coupon 
may be allowed to depolarize, permitting evaluation with respect to the 
relevant polarization criterion without the need to turn off CP systems for 
extended periods.
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3.9 Coupons may be used to assess the level of protection on structures 
affected by stray currents. Stray current sources include DC traction systems, 
foreign rectifi ers, telluric earth currents, and high-voltage direct-current 
(HVDC) electrodes.
3.10 In some cases, galvanic anodes are directly connected to the structure 
and cannot be interrupted to reduce the measurement error caused by the IR 
drop. In such cases, coupons may be used because their potential may be 
measured after they are disconnected from the structure.
3.11 In complex piping environments, such as industrial plants in which 
mixed metals can be electrically continuous with the affected structure, appli-
cation of polarized potential or polarization criteria has not always been 
technically correct or practical. The measured potential is a result of a com-
bination of the potentials of the metals involved. In a similar way, during 
current interruption, secondary IR drops from circulating galvanic current 
can cause errors in potential or polarization measurements on structures with 
widely varying potentials. When coupons are used, potential and polarization 
measurements should be made by locally disconnecting the CP coupon from 
the affected structure, thus avoiding the problem.
3.12 When several structures are bonded together, the structure-to-electro-
lyte potential measured at grade above one structure is actually a mixed 
potential of all the structures. The use of coupons is a means for determining 
a more local potential because each pipeline or structure can have its own 
coupon.
3.13 A CP coupon or a free-corrosion coupon as described in this standard, 
installed adjacent to a location with a disbonded, high-dielectric coating that 
shields CP current from reaching the structure surface, may not represent the 
CP protection status of the structure under the disbonded coating.

Data loggers are another method that can be used in monitoring cathodic 
protection. Data loggers can be used to evaluate structure to soil potentials, 
current amounts and current direction. Data loggers allow real time data 
collection and can be key in helping identify problem areas and trouble 
shooting. Data loggers will also allow data to be moved electronically into 
data management programs. Close interval surveys are another method 
used to monitor structures such as pipelines. Close interval surveys are 
structure to soil surveys that are taken at approximate 3 ft (91 cm) intervals 
using data loggers. Close interval surveys can be used to determine areas 
of a structure that do not meet NACE criteria, possible coating degradation 
areas and interference corrosion concerns. Power sources for cathodic pro-
tection (rectifi ers, solar panels, gas generators, etc.) should be monitored 
to insure DC voltage and DC amperage are consistent and stable. Typically 
readings showing the date and time of the reading, DC voltage output, 
DC amperage output, power meter usage, and power source setting are 
obtained. The information obtained is maintained allowing presentation for 
necessary audits, tracking and trending. One thought is, if the power source 
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is adjusted correctly with a stable output then the structure to soil potentials 
on the structure are also stable insuring effective corrosion control. Obtain-
ing a structure to soil potential at the power source at the time the output 
information is obtained is a monitoring method that allows you to see if 
structure to soil potentials have changed drastically.

Bonds that are used in cathodic protection are typically a wire that has 
been sized appropriately that is connected between two structures, each 
having their own cathodic protection system. The electrical bond between 
the two wires allows a path (Fig. 19.5 shows a typical bond connection) 
for cathodic protection current to return to its original source without 
creating interference corrosion. Amounts of current and current direction 
should be monitored on bonds insuring the cathodic protection current is 
traveling in the correct direction and with the correct amount of current. 
Bonds can be critical to the integrity of a structure and should be moni-
tored frequently to insure correct operation is maintained. Calibrated 
shunts are typically installed in bonds to allow proper measurement.

In the process of monitoring cathodic protection it is good to remember 
that the focus of cathodic protection is to polarize the metal contacting the 
electrolyte so that all components of the metal are negative in relation to 
a copper/copper sulfate reference cell. The defi nition of polarization is ‘The 
deviation from the corrosion potential of an electrode resulting from the 
fl ow of current between the electrode and the electrolyte’. One description 
of polarization is:

19.5 Typical bond connection.

Buss bar
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Typical bond connection
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A battery, a corrosion cell, or a cathodic protection system consists of many 
series and parallel circuits. The characteristic of a series circuit is that the 
same current fl ows through each element in series. The total potential differ-
ence in a series circuit is the algebraic sums of the potential differences and 
IR drops added to zero. The total resistance of a series resistance network is 
the sum of the individual resistance values. In a series circuit, the circuit resis-
tance is dominated by the high-test resistance. Consider a network of four 
resistors: 1 000 000, 10, and 0.1 ohms. The total resistance is 1 000 110.1 or 
almost the resistance of the largest resistor.

Four calculations are important in series circuits for cathodic protection 
measurement:

(a)  computation of total resistance
(b)  computation of potential difference
(c)   computation of current
(d)  computation of IR drop through each resistor.

The total resistance is the sum of the individual resistances (Fig. 
19.6). R1 is 100 000 ohm, R2 is 0.01 ohm, R3 is 0.2 ohm, R4 is 0.4 ohm, 
R5 is 2750 ohm, R6 is 4250 ohm, R7 is 0.4 ohm and R8 is 0.09 ohm. 
The total resistance is 108 001.1 ohm. The total potential difference is 

19.6 IR drop in pipe to soil measurements.
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the sum of the individual potential deferences. If E1 is 9 V and E2 is 
8.15 V the total E is 0.850 V. The potential differences are actually 
subtracted since the batteries are connected with opposite polarity. The 
total current is the total potential difference divided by the total resis-
tance. The total current is 0.0000079 A. The IR drop through each 
resistor is the total current multiplied by the resistance of each resistor. 
The sum of the IR drops must equal the total potential difference. 
Most of the voltage is dropped in the largest resistor.

Polarization is important as when cathodic protection is applied to a 
structure the potential across the corrosion cells should be polarized.

Polarization

Polarization is caused by some slow step in the electrode reaction.
Further insight into polarization can be gained by considering the reduc-

tion of hydrogen ions (electroplating). This is an important cathodic 
reaction in corrosion, electroplating, and battery operation. The overall 
reaction is:

2e− + 2H+ → 2H → H2 →
Electrons H ions  Hydrogen Hydrogen
     atoms  molecule
In electrolyte   At cathode

H2O + 2e− + 1–2 O2 → 2 (OH)-
Water  Electrons Oxygen  Hydroxyl
molecule   molecule ions
Reaction at cathode with available oxygen

The following steps are required:

1.  H+ must travel from the bulk of the electrolyte to the metal surface
2.  H+ must lose its water on solvation
3.  An electron must be added to H+ forming an atom on the surface
4.  The atom on the surface must react with another forming a molecule
5.  Many molecules must collect to form a bubble
6.  The gas bubble must escape to the surface

Any slow step among these can cause polarization. In general, polarization 
is related to the depletion of reactants and buildup of a reaction product. 
Anything that favors the buildup of reaction products or the depletion 
of reactants increases polarization. Conversely, anything that causes the 
removal of reaction products or the replenishing of reactants will reduce 
polarization.

There are several ways to determine the IR drop at the test location. 
Bear in mind once the IR drop is determined then you know what your 
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polarized potential is and whether or not you are within the parameters of 
criteria. Some of the ways for determining what or how much IR drop is 
affecting your voltage reading is as follows:

1.  Measuring or calculating voltage drops
2.  Reviewing the historical performance of the cathodic protection 

system
3.  Evaluating the physical and electrical characteristics of the pipe and its 

environment
4.  Determining whether or not there is physical evidence of corrosion
5.  Side drain extrapolation
6.  Wave form analysis
7.  Wave form digitizing.

By having an understanding of IR drop and using the proper criteria it is 
possible to have an effective and economical corrosion control system.

The most common method for measuring polarization levels is interrupt-
ing the cathodic protection circuit while measuring structure to soil poten-
tials. Interruption of the cathodic protection circuit eliminates the current 
fl ow and driving voltage from the cathodic protection power source allow-
ing an IR free measurement and being able to electrically evaluate the 
polarization level (polarized potential). The defi nition of polarized poten-
tial is ‘The potential across the structure/electrolyte interface that is the 
sum of the corrosion potential and the cathodic polarization’. While observ-
ing high impedance digital voltmeters approximately two seconds should 
be given while the cathodic protection circuit is interrupted to allow the 
digital voltmeter to process the measuring circuit and display an OFF, IR 
free or polarized potential reading.

Calibrated test stations are a useful tool in monitoring cathodic protec-
tion current fl ow on pipelines. A calibrated test station is two test leads 
connected to the pipe line. The test leads are connected with a defi nitive 
space between the connections (50 or 100 feet (15 or 30 m)). The test leads 
are typically color coded allowing identifi cation of the location/orientation 
of the test leads and terminate in a test station with each test lead clearly 
identifi ed as to its location on the pipe. This process allows the pipe to be 
used as a shunt measuring DC current fl ow and direction. The resistance 
value of the pipe can be calculated or a small amount of DC current voltage 
and amperage can be passed through the calibrated test station. If DC 
voltage and amperage are passed through the calibrated test station Ohm’s 
law can be used to determine the actual resistance of the circuit. Once the 
test station resistance is determined electrical measurements can be taken 
as needed to measure cathodic protection current amounts and direction. 
As the information from the calibrated test station is obtained, recorded 
and fi led the ability to track and trend the data will allow identifi cation of 
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changes in cathodic protection current fl ow and allow possible coating 
degradation areas to be identifi ed. This type of monitoring will help identify 
areas where foreign structures may be in contact with your structure 
(Fig. 19.7).

19.4 Cathodic protection monitoring technology

19.4.1 Pickup trucks and voltmeters

The most common way of obtaining structure to soil, rectifi er, bond and 
other CP monitoring information is by having a technician go to the locations 
to be monitored, with the needed equipment and obtain the needed data 
and information (Fig. 19.8). This process can take some time to be completed. 
It can also be labor intensive and diffi cult especially on cross-country 
pipelines that are in rugged terrain. If electronic data loggers are not being 
used the information is recorded on paper. The process is effective and is 
the typical method used to monitor cathodic protection systems (Fig. 19.9).

Cell phone technology allows cathodic protection systems to be remotely 
monitored. The technology is cost effective, dependable and integrates with 

19.7 Calibrated station or IR drop line current measurement station.
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data management systems. For areas that may require more frequent moni-
toring, remote monitoring using cell phone technology is a good tool. One 
thing to bear in mind with cell phone technology is there may be areas that 
are not covered by cell towers or where directional antennas may be needed. 
The ability to obtain data more frequently will allow trending and tracking 
of data. Typically after installation most owner operators are surprised at 

19.8 Oil immersed rectifer and deep well.

19.9 Air cooled rectifi er.
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the amount of ‘down time’ a unit will have. If monitoring bond currents or 
structure to soil potential, there typically are eyebrows raised at the amount 
of time a structure is not meeting protection criteria or infl uence from other 
cathodically protected structure being adjusted and having adverse affects 
on the one being remotely monitored.

Satellite technology used for remote monitoring has made major steps 
over recent years. The use of satellites has enhanced the ability to move 
data from the fi eld to desktops. The technology using satellite technology 
fi rst came into play on pipelines in 2000 and was used in monitoring recti-
fi ers. The ability to determine power outages, rectifi ers that needed repair 
or adjustment, or a structure that has been adversely affected by stray cur-
rents or environmental changes and have the information on your desktop 
within minutes of its occurrence is a major step in insuring that the value 
of assets does not decline and continues to increase.

19.5 Effectiveness of corrosion control after 

installation and monitoring

After energizing cathodic protection systems, the asset or structure should 
be monitored at many and various locations to insure NACE criteria 
(RP 0169-2002 Section 6, Criteria & Other Considerations for Cathodic 
Protection) are met. The Criteria and Other Considerations state:

Section 6: Criteria and Other Considerations for Cathodic Protection

6.1 Introduction
6.1.1  This section lists criteria and other considerations for cathodic protec-
tion that indicate, when used either separately or in combination, whether 
adequate cathodic protection of a metallic piping system has been achieved 
(see also Section 1, Paragraphs 1.2 and 1.4).
6.1.2 The effectiveness of cathodic protection or other external corrosion 
control measures can be confi rmed by visual observation, by measurements 
of pipe wall thickness, or by use of internal inspection devices. Because such 
methods sometimes are not practical, meeting any criterion or combination 
of criteria in this section is evidence that adequate cathodic protection has 
been achieved. When excavations are made for any purpose, the pipe should 
be inspected for evidence of corrosion and/or coating condition.
6.1.3 The criteria in this section have been developed through laboratory 
experiments and/or verifi ed by evaluating data obtained from successfully 
operated cathodic protection systems. Situations in which a single criterion 
for evaluating the effectiveness of cathodic protection may not be satisfactory 
for all conditions may exist. Often a combination of criteria is needed for a 
single structure.
6.1.4 Sound engineering practices shall be used to determine the methods 
and frequency of testing required to satisfy these criteria.
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6.1.5 Corrosion leak history is valuable in assessing the effectiveness of 
cathodic protection. Corrosion leak history by itself, however, shall not be 
used to determine whether adequate levels of cathodic protection have been 
achieved unless it is impractical to make electrical surveys.
6.2 Criteria
6.2.1 It is not intended that persons responsible for external corrosion 
control be limited to the criteria listed below. Criteria that have been success-
fully applied on existing piping systems can continue to be used on those 
piping systems. Any other criteria used must achieve corrosion control com-
parable to that attained with the criteria herein.
6.2.2 Steel and Cast Iron Piping
6.2.2.1 External corrosion control can be achieved at various levels of 
cathodic polarization depending on the environmental conditions. However, 
in the absence of specifi c data that demonstrate that adequate cathodic pro-
tection has been achieved, one or more of the following shall apply:
6.2.2.1.1 A negative (cathodic) potential of at least 850 mV with the cathodic 
protection applied. This potential is measured with respect to a saturated 
copper/copper sulfate reference electrode contacting the electrolyte. Voltage 
drops other than those across the structure-to-electrolyte boundary must be 
considered for valid interpretation of this voltage measurement.
Note: Consideration is understood to mean the application of sound engineer-
ing practice in determining the signifi cance of voltage drops by methods 
such as:
6.2.2.1.1.1 Measuring or calculating the voltage drop(s);
6.2.2.1.1.2 Reviewing the historical performance of the cathodic protection 
system;
6.2.2.1.1.3 Evaluating the physical and electrical characteristics of the pipe 
and its environment; and
6.2.2.1.1.4 Determining whether or not there is physical evidence of 
corrosion.
6.2.2.1.2 A negative polarized potential (see defi nition in Section 2) of at least 
850 mV relative to a saturated copper/copper sulfate reference electrode.
6.2.2.1.3 A minimum of 100 mV of cathodic polarization between the struc-
ture surface and a stable reference electrode contacting the electrolyte. The 
formation or decay of polarization can be measured to satisfy this criterion.
6.2.2.2 Special Conditions
6.2.2.2.1 On bare or ineffectively coated pipelines when long-line corrosion 
activity is of primary concern, the measurement of a net protective current 
at predetermined current discharge points from the electrolyte to the pipe 
surface, as measured by an earth current technique, may be suffi cient.
6.2.2.2.2 In some situations, such as the presence of sulfi des, bacteria, elev-
ated temperatures, acid environments, and dissimilar metals, the criteria in 
Paragraph 6.2.2.1 may not be suffi cient.
6.2.2.2.3 When a pipeline is encased in concrete or buried in dry or aerated 
high resistivity soil, values less negative than the criteria listed in Paragraph 
6.2.2.1 may be suffi cient.
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6.2.2.3 Precautionary notes
6.2.2.3.1 The earth current technique is often meaningless in multiple pipe 
rights-of-way, in high-resistivity surface soil, for deeply buried pipe, in stray-
current areas, or where local corrosion cell action predominates.
6.2.2.3.2 Caution is advised against using polarized potentials less negative 
than −850 mV for cathodic protection of pipelines when operating pressures 
and conditions are conducive to stress corrosion cracking (see references on 
stress corrosion cracking at the end of this section).
6.2.2.3.3 The use of excessive polarized potentials on externally coated 
pipelines should be avoided to minimize cathodic disbondment of the 
coating.
6.2.2.3.4 Polarized potentials that result in excessive generation of hydrogen 
should be avoided on all metals, particularly higher strength steel, certain 
grades of stainless steel, titanium, aluminum alloys, and prestressed concrete 
pipe.
6.2.3 Aluminum Piping
6.2.3.1 The following criterion shall apply: a minimum of 100 mV of cathodic 
polarization between the structure surface and a stable reference electrode 
contacting the electrolyte. The formation or decay of this polarization can be 
used in this criterion.
6.2.3.2 Precautionary notes
6.2.3.2.1 Excessive Voltages: Notwithstanding the minimum criterion in 
Paragraph 6.2.3.1 if aluminum is cathodically protected at voltages more 
negative than −1200 mV measured between the pipe surface and a 
saturated copper/copper sulfate reference electrode contacting the 
electrolyte and compensation is made for the voltage drops other than 
those across the pipe–electrolyte boundary, it may suffer corrosion as the 
result of the buildup of alkali on the metal surface. A polarized potential 
more negative than −1200 mV should not be used unless previous test 
results indicate that no appreciable corrosion will occur in the particular 
environment.
6.2.3.2.2 Alkaline Conditions: Aluminum may suffer from corrosion under 
high-pH conditions and application of cathodic protection tends to increase 
the pH at the metal surface. Therefore, careful investigation or testing should 
be done before applying cathodic protection to stop pitting attack on alumi-
num in environments with a natural pH in excess of 8.0.
6.2.4 Copper Piping
6.2.4.1 The following criterion shall apply: a minimum of 100 mV of cathodic 
polarization between the structure surface and a stable reference electrode 
contacting the electrolyte. The formation or decay of this polarization can be 
used in this criterion.
6.2.5 Dissimilar Metal Piping
6.2.5.1 A negative voltage between all pipe surfaces and a stable reference 
electrode contacting the electrolyte equal to that required for the protection 
of the most anodic metal should be maintained.
6.2.5.2 Precautionary note



468 Techniques for corrosion monitoring

6.2.5.2.1 Amphoteric materials that could be damaged by high alkalinity 
created by cathodic protection should be electrically isolated and separately 
protected.
6.3 Other Considerations
6.3.1 Methods for determining voltage drop(s) shall be selected and applied 
using sound engineering practices. Once determined, the voltage drop(s) may 
be used for correcting future measurements at the same location, providing 
conditions such as pipe and cathodic protection system operating conditions, 
soil characteristics, and external coating quality remain similar. (Note: Placing 
the reference electrode next to the pipe surface may not be at the pipe–
electrolyte interface. A reference electrode placed at an externally coated 
pipe surface may not signifi cantly reduce soil voltage drop in the measurement 
if the nearest coating holiday is remote from the reference electrode 
location.)
6.3.2 When it is impractical or considered unnecessary to disconnect all 
current sources to correct for voltage drop(s) in the structure-to-electrolyte 
potential measurements, sound engineering practices should be used to 
ensure that adequate cathodic protection has been achieved.
6.3.3 When feasible and practicable, in-line inspection of pipelines may be 
helpful in determining the presence or absence of pitting corrosion damage. 
Absence of external corrosion damage or the halting of its growth may indi-
cate adequate external corrosion control. The in-line inspection technique, 
however, may not be capable of detecting all types of external corrosion 
damage, has limitations in its accuracy, and may report as anomalies items 
that are not external corrosion. For example, longitudinal seam corrosion and 
general corrosion may not be readily detected by in-line inspection. Also, 
possible thickness variations, dents, gouges, and external ferrous objects may 
be detected as corrosion. The appropriate use of in-line inspection must be 
carefully considered.
6.3.4 Situations involving stray currents and stray electrical gradients that 
require special analysis may exist. For additional information, see Section 9, 
“Control of Interference Currents.”
6.4 Alternative Reference Electrodes
6.4.1 Other standard reference electrodes may be substituted for the satu-
rated copper/copper sulfate reference electrode. Two commonly used refer-
ence electrodes are listed below along with their voltage equivalent (at 25 °C 
[77 °F]) to −850 mV referred to a saturated copper/copper sulfate reference 
electrode:
6.4.1.1 Saturated KCl calomel reference electrode: −780 mV; and
6.4.1.2 Saturated silver/silver chloride reference electrode used in 25 ohm-
cm seawater: −800 mV.
6.4.2 In addition to these standard reference electrodes, an alternative 
metallic material or structure may be used in place of the saturated copper/
copper sulfate reference electrode if the stability of its electrode potential is 
ensured and if its voltage equivalent referred to a saturated copper/copper 
sulfate reference electrode is established.
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It may take several trips to the fi eld to obtain needed data to insure polar-
ization is established and criteria are met.

Although structure to soil surveys are typically done on an annual 
basis additional monitoring of mid-points between rectifi ers and critical 
locations on a structure will help insure effective levels of cathodic 
protection are being maintained year round. It will also help identify 
when cathodic protection levels are below criteria. If areas are found 
that are not meeting NACE criteria then an action plan can be put into 
place to overcome the problem to include upgrades of systems if 
needed.

The same perspective can be applied to critical bonds and rectifi er opera-
tion. If a rectifi er is read every 60 days and quits operating the day after it 
is read/monitored and not discovered until the next 60 day reading cycle 
then the structure being protected by the rectifi er will have been without 
protection for 16% of the year. One of the tools in today’s world that helps 
overcome such lapses in cathodic protection is remote monitoring. Remote 
monitoring allows readings to be obtained on a more frequent basis. Criti-
cal bonds can be an even bigger concern. Loss of a critical bond will typi-
cally allow an interference corrosion process to initiate as soon as the bond 
is broken. More frequent monitoring of critical bonds will help insure your 
asset stays intact.

19.6 Monitoring results and maintenance 

opportunities

Efforts and monies spent for maintaining cathodic protection can be identi-
fi ed, planned for and improved. Monitoring cathodic protection can result 
in identifying maintenance concerns. While obtaining cathodic protection 
information from structure/assets, repair information can be trended. An 
example would be numbers of test locations each year that require repair. 
This information can then be extrapolated and budgeted for, on an annual 
basis. The same thought can be applied to rectifi er maintenance, bond 
repair, etc.

19.7 Value of structure increases

Effective cathodic protection insures the economic value of an asset does 
not decay. A cathodic protection system that is monitored, maintained and 
effective insures the economic value of assets increase. Monitoring cathodic 
protection plays a key role insuring the integrity of assets. Thorough moni-
toring and taking corrective actions when defi ciencies are found insure the 
value of the assets will increase and not decline.
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19.8 Less replacement and maintenance cost for 

the company

Cathodic protection systems that are monitored and are effective result in 
less money being spent for replacement due to external corrosion. Cost 
associated with down time, repair, over time and environmental clean up 
are reduced as used in the example on the system constructed in the 1930s. 
An 85% reduction can be expected in these costs.

19.9 Cathodic protection monitoring as required by 

US government as a minimum requirement 

and other considerations

Government regulations are a minimum requirement. With that in perspec-
tive, monitoring performed beyond the minimum requirement insures that 
the integrity of the asset will be maintained. The value added for the extra 
work far outweighs the cost of performing the task needed to perform the 
additional monitoring, as well as the ability to be proactive in identifying 
problems that can be corrected.

Government regulations (CFR 195, Subpart H) identify test lead loca-
tions (except offshore pipelines) to be placed at intervals frequent enough 
to obtain electrical measurements indicating the adequacy of cathodic pro-
tection. Peabody’s Control of Pipeline Corrosion (Second Edition) indi-
cates that test station location should be placed (on well coated pipelines) 
at a minimum of half-mile (0.8 km) intervals to a maximum of one-mile 
(1.6 km) intervals along the route of the pipeline. Additional test leads will 
be needed for foreign line crossings, buried insulated joints, and at cased 
crossings. High consequence areas or areas of high population may require 
more test station locations to insure cathodic protection monitoring is effec-
tive and representative.

Above-ground tanks can be monitored at eight locations typically North, 
North East, East, South East, South, South West, West and North West. A 
technique in monitoring large diameter tanks (100 ft (30 m) diameter or 
larger) that may be useful is to measure structure to soil potentials at 20 ft 
(6 m) intervals circumferentially around the tanks. Installation of perma-
nent half cells with slotted tubes for profi ling structure to soil potentials 
under the tank fl oor will help to insure effective levels of cathodic protec-
tion under the tank fl oor.

Underground tanks can have access tubes or permanent half cells placed 
at each end of the tank, underneath the tank and point representing the 
horizontal center of the tank. These locations will allow representative data 
to be obtained.
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Structure to soil monitoring requirement for a regulated pipeline is once 
a year not to exceed 15 months. As mentioned earlier it would be prudent 
to check midpoints between rectifi ers on a regular basis (once a quarter). 
The additional information will help to insure protective levels are main-
tained year round. Other structures (above-ground storage tanks, under-
ground storage tanks, submerged structures) that are monitored on a 
frequent basis will also allow data to be trended insuring effective levels of 
cathodic protection are maintained.

Rectifi er and bond monitoring requirements for regulated pipelines are 
six times a year not to exceed 2½ months. As mentioned earlier in the 
chapter as much as 16% of the year can have equipment not functioning 
properly. In order to insure that the value of assets is maintained, more 
frequent monitoring may prove to be a worthwhile effort.

19.10 Monitoring frequency helps determine 

effectiveness of corrosion program

The more often a cathodic protection system is monitored the better the 
data base is for trending. Downtime or areas that are infl uenced by cyclic 
environmental changes are easier to identify and correct. The information 
gathered from frequent monitoring of cathodic protection systems allows 
a data base to be enhanced. As the environment changes, required amounts 
of current to protect buried structures will also change. The ability to iden-
tify the changes (seasonal or cyclic) will allow rectifi er output to be adjusted 
(based on historical monitoring data) to compensate for increased or 
decreased current demands. If sacrifi cial systems are being used the effec-
tiveness of the system can be verifi ed as needed.

19.11 NACE recommendations

The recommendations made in NACE RP0-169-2002, Control of External 
Corrosion On Underground or Submerged Metallic Piping Systems, Section 
10 Operation and Maintenance of Cathodic Protection Systems, 10.1.1.1 
states:

Electrical measurements and inspections are necessary to determine that 
protection has been established according to applicable criteria and that each 
part of the cathodic protection system is operating properly. Conditions that 
affect protection are subject to change. Correspondingly, changes may be 
required in the cathodic protection system to maintain protection. Periodic 
measurements and inspections are necessary to detect changes in the cathodic 
protection system. Conditions in which operating experience indicates that 
testing and inspections need to be made more frequently than recommended 
herein may exist.
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NACE Standard RP0193-2001, External Cathodic Protection of On-
Grade Carbon Steel Storage Tank Bottoms, Section 11, 11.2.2 states:

Annual surveys should be conducted to verify that the cathodic protection 
system is meeting the protection criteria. Making more frequent surveys of 
the system may be desirable in critically corrosive environments or where 
highly variable conditions are present. The accuracy of stationary reference 
electrodes should be evaluated during these surveys. The effectiveness of 
isolating fi ttings and continuity bonds should also be evaluated during the 
periodic surveys.

Corrosion Control of Under Ground Storage Tank Systems by Cathodic 
Protection, NACE Standard RP0285-2002 Section 8, 8.1.3 states:

Periodic measurements and inspections are necessary to detect changes in the 
CP system. Conditions in which operating experience indicates testing should 
be conducted more frequently than recommended in this standard may 
exist.

When cathodic protection monitoring is performed at frequent intervals 
data and information obtained should indicate when cathodic protection is 
at the point of becoming non-effective. Using this information will allow 
cathodic protection to be used in an effective manner insuring the value of 
assets is maintained and continues to be profi table, requiring minimal main-
tenance and/or replacement.

19.12 Cathodic protection monitoring relative to 

unusual or at-risk environments

Unusual environments may require more monitoring. Environments that 
are aggressive and allow corrosion processes to function at high rates may 
require more frequent monitoring. Soil resistivities that are below 2000 ohm-
cm would be an example of an area where additional monitoring would 
be a useful tool. A critical bond that is a high amp drain (1 amp or 
higher) would be an example of a point where monitoring other than 
minimum requirements would helpful in insuring the value of assets is 
maintained.

Installation of remote monitoring systems may be a great tool for track-
ing cathodic protection voltage and currents that tend to change drastically 
due to infl uence from ‘Mother Nature’ and other entities. Today’s technol-
ogy is very functional, dependable and interactive with data management 
programs. Units can be set with defi nitive high or low alarm parameters 
and predefi ned to read at specifi c times. The remote monitoring technology 
is not costly and allows an owner operator to easily obtain information and 
data insuring cathodic protection is effective and the value of assets con-
tinues to increase.



 Cathodic protection monitoring 473

19.13 Field data to aid in cathodic protection 

monitoring

When evaluations are being done in the fi eld on structures, tanks, or pipe-
lines information can be obtained to help determine the effectiveness of 
cathodic protection. Some of the information that can be obtained to deter-
mine the effectiveness would be:

• Structure to soil potentials on the area being examined at various 
points.

• Soil or water resistivities can be obtained to clearly identify the aggres-
siveness of the environment.

• Soil or water samples can be obtained for defi ned analysis and chemical 
composition.

• Coating systems can be evaluated to insure the coating is bonded and 
signs of failure are not present.

• If a coating is disbonded measurements can be taken using appropriate 
instruments to determine the area of disbondment.

• If a coating is disbonded pH measurements should be taken under the 
disbonded level to determine if hydroxyl ions are going under the dis-
bonded coating.

The data obtained from a fi eld analysis can be used to determine whether 
cathodic protection is effective. The obtained data can also be integrated 
into risk management systems to help evaluate and determine whether 
other areas of concern exist (Fig. 19.10).

19.10 Coating evaluation.
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19.14 Data management

Data management technology or the programs that manage data gained 
from monitoring cathodic protection systems allows the data to be used in 
many ways. In addition to being able to readily access data for audits the 
data can be overlaid with inline inspection information, integrated with 
Risk Management programs. The ability to move reports around electroni-
cally improves communication and awareness in organizations (Figs 19.11 
and 19.12). Other attributes would be:
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• tracking percentages of work complete
• graphing
• trending
• identifi cation of missed readings
• areas not meeting NACE criteria
• ground bed ohm age changes
• equipment that malfunctions frequently
• specifi c points that were not included in survey
• easily available for presentation.

Data management programs that interphase with data loggers also allow 
the ability to electronically move information from the fi eld to administra-
tive levels within a matter of minutes. This process takes a lot of human 
error out of the cathodic protection monitoring equation not to mention 
time saved in hand data entry.

19.15 Overview

Monitoring cathodic protection systems is the key to insuring that they are 
functioning properly. Frequent monitoring insures that the value of assets 
increases with time and does not decline. Use of remote monitoring and 
data management programs allows the frequent monitoring of cathodic 
protection to be done with relative ease and minimal cost.
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Remote monitoring and 

computer applications
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20.1 Introduction

20.1.1 Why remote monitoring?
‘Once a new technology rolls over you, if you’re not part of the steam-
roller, you’re part of the road.’ – Stewart Brand. (As creator of the Whole 
Earth Catalog, his ideas were forerunners of the Internet. He is noted as 
an editor who published writings by many of the now-acknowledged 
innovative thinkers of today, early in their careers. He is one of the co-
founders of the Global Business Network. Brand was also one of a group 
of ‘futurists’ consulted in the planning stage of the feature fi lm Minority 
Report.)

From electronic mail and the Internet to satellite and cellular networks, 
there are more ways to communicate than ever before. People are con-
stantly looking for more information in order to make good decisions and 
prevent problems. Those who embrace new technologies are likely to reap 
the benefi ts of reduced expenses, safer operations and more effi cient use 
of scarce resources.

Remote monitoring is one such technology that has established itself 
in a number of applications including the monitoring of cathodic protec-
tion systems, gas measurement devices, storage tanks, pumps, compressors 
and site security. With a remote monitoring system, crucial information 
about the health of a piece of equipment is available at any time, not 
only at the time of a site visit. Monitoring devices may also employ a 
function to alert operators immediately when an alarm condition has 
occurred, thus improving response time and preventing minor problems 
from developing into more serious situations. While the idea of remote 
monitoring for corrosion control systems is not necessarily new, there 
has been a dramatic increase in the application of this technology driven 
by advances in communications technology, the prevalence of the Internet 
and a growing shortage of qualifi ed technicians to assess those systems 
manually.

476
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The production and transportation of oil and gas is a dangerous business. 
Pipeline companies are constantly striving to improve their safety records 
to protect their employees and the public. Data from remote monitoring 
systems is extremely important to operators of oil and gas-related equip-
ment to help them improve the operation of their assets. Many of the large 
and most respected oil and gas companies in the world are using remote 
monitoring to improve their operations and safety performance.

The United States National Pipeline Mapping System reports that there 
are over 1.7 million miles (2.7 million km) of natural gas and hazardous 
liquid pipelines operated by more than 3 000 companies in the United States 
alone.1 According to the US Offi ce of Pipeline Safety, 2006 statistics 
show:

•  102 accidents resulting in $33 352 005 of property damage and two inju-
ries as reported by Hazardous Liquid Operators

•  133 accidents resulting in $47 739 029 of property damage, two fatalities 
and four injuries as reported by Natural Gas Distribution Operators

•  128 accidents resulting in $22 280 131 of property damage, 16 fatalities 
and 25 injuries by Natural Gas Transmission Operators.2

Careful monitoring of equipment operation allows rapid corrective 
action, which may help prevent the loss of life and reduce the expense 
associated with malfunctioning equipment. Closely monitoring corrosion 
systems also provides more valuable data for broader examination of 
pipeline safety aimed at predicting failures before they occur. While 
complying with regulations remains the strongest driver for the remote 
monitoring of corrosion systems, a growing shortage of qualifi ed labor, 
safety and operating effi ciency are driving increasing application of this 
technology.

20.1.2 Chapter contents

This chapter addresses remote monitoring of external corrosion control 
systems. External corrosion control is only one of many remote monitoring 
applications. It is important to provide a general overview of any remote 
monitoring system including the critical elements. The goal of this chapter 
is to help the reader understand the current state of remote monitoring 
technology, the trade-offs required when deciding upon a particular tech-
nology and the challenges of remote monitoring that are particular to cor-
rosion control systems.

It is also important to point out what will not be covered in this chapter. 
This chapter considers relatively low cost systems that are suitable for the 
monitoring of corrosion systems. Thus this chapter will not consider Super-
visory Control and Data Acquisition (‘SCADA’) or factory control systems 
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as those are typically designed for applications requiring a higher degree 
of reliability and response than corrosion monitoring (e.g., valve control 
on a petroleum pipeline).

The main application considered in this chapter is the monitoring of a 
corrosion control system along a piping system including those utilized in 
the transportation and distribution of oil, gas and hazardous liquids. Many 
other applications for corrosion control systems exist; however, one must 
consider the cost justifi cation of using a remote monitoring system for these 
applications. For example, monitoring corrosion in a processing plant is 
certainly important, and can be accomplished remotely, but would most 
likely be done using the plant’s existing process control system and/or 
manually. While a process control system can be considered ‘remote’ moni-
toring, such systems are beyond the scope of this chapter.

Except in a cursory sense, this chapter does not consider the corrosion 
sensor or data probe because they are the topics of the other chapters of 
this book. This discussion assumes that there is an existing sensor or data 
probe that requires monitoring and that this data source provides the 
remote monitoring system with a fairly standard industrial input (e.g., 
digital signal, 0–5 volts, 4–20 milliamps). In the more specifi c case of cor-
rosion monitoring, this chapter focuses on the particular challenges of 
monitoring an impressed current cathodic protection system on a pipeline. 
Monitoring corrosion sensors in a tank farm is sometimes done remotely, 
but that application is more often considered as leak detection and, as 
such, is beyond the scope of this chapter except in a more general sense. 
Monitoring coupons, or other such indicators of degradation, might also 
be done remotely if the sensor could provide an appropriate output, but 
any changes typically happen too slowly for a remote monitoring system 
to be justifi ed.

20.1.3 Remote monitoring basics

Remote monitoring systems continuously check the condition of fi eld 
equipment and communicate this information to a central location where 
it can be routed to others or accessed by those with appropriate security 
clearance. The essential parts of a remote monitoring system are: the remote 
monitoring device, the communications network, and the central data ware-
house. The central data warehouse is sometimes referred to by a term 
used in the telecommunications industry: the Network Operations Center 
(NOC). The remote monitoring device is often called the Remote Monitor-
ing Unit (RMU); it may also be called the Remote Terminal Unit (RTU), 
but that term is most often reserved for SCADA systems or other more 
advanced fi eld electronics with sophisticated sensors and programming 
capabilities.
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The most effective monitoring systems use existing wireless networks to 
transfer information from an RMU on any remote piece of equipment to 
the NOC where it is stored in a secure database that is accessible via the 
Internet. Using a commonly available, user-friendly Internet browser with 
proper authorization, information can be viewed from the main offi ce, 
remote sites, or anywhere in the world 24 hours per day. Data may also be 
automatically transferred to clients by the NOC. In some instances, data is 
transferred from the fi eld to the NOC, automatically retrieved by the cli-
ent’s information system and published directly to end-users without any 
human intervention. Most NOCs also provide users with the ability to set 
up automated notifi cations via electronic mail, pager, facsimile, voice mail 
or any combination thereof. Figure 20.1 provides an overview of the essen-
tial parts of a remote monitoring system.

The cathodic protection data manager (CPDM) is a data repository with 
superior capabilities of analysis and reporting used to better manage assets 
and meet regulations.

20.1.4 Critical decisions in a remote monitoring system

There are several important questions one must ask when considering a 
remote monitoring system. These can generally be grouped as follows:
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1.  Data questions. What is the nature of the data you wish to collect? How 
critical is it? How much needs to be transmitted? How often does it 
need to be transmitted? What are you willing to spend to gather it 
remotely?

2.  Network questions. What communications network(s) are available? 
Are the sites you wish to monitor clustered within a small geographic 
area (e.g., one site, one city) or spread across a country, a continent or 
the world? Do the sites you wish to monitor move around or are they 
fi xed in one location?

3.  Application questions. Is power available at the remote site or required 
by the sensor(s)? Do you require two way communications with the site 
allowing for requesting current status ‘on-demand’ or remote control? 
Are there any other site or application specifi c requirements?

Each of these questions impacts one or more essential elements of the 
remote monitoring system. In the following sections, we consider how the 
answers to these questions guide one through the trade-offs required by 
the current limits of technology. The data questions help determine 
whether a remote monitoring system is suitable for the application or 
whether SCADA or manual data collection is warranted. These questions 
also help the user narrow the communications network options. The data 
requirements and characteristics of the site to be monitored determine 
the communications network(s) to be employed, which then drives the 
basic design of the RMU. Finally, the RMU may need to be tailored 
specifi cally to the application, which may then cause one to reconsider 
the communications network and/or the suitability of the application for 
remote monitoring. In the following sections, each of these questions is 
discussed in further detail. Once one determines what data are required 
and how communication will be accomplished with the remote sites, the 
often-overlooked NOC and the always-underestimated support systems 
will be discussed.

20.2 Data considerations

As discussed in Section 20.1.2, many applications fall outside of the scope 
of a remote monitoring system. The characteristics of the data required 
by the application determine whether a remote monitoring system is 
technologically or economically viable. The limits of current technology 
will simply not allow one to consider remote monitoring for every appli-
cation. Careful consideration of the data requirements will provide a 
quick answer to the question of viability. Table 20.1 summarizes these 
considerations.
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20.2.1 Nature and criticality of the data

Since most corrosion occurs at such a slow rate that instantaneous measure-
ment and communication is not required, data requirements for a corrosion 
control system are not likely to warrant a SCADA system. Even though 
the characteristics of corrosion are consistent across industries and applica-
tions, in a processing plant environment if control system capacity is avail-
able and if the proximity of signal wires makes it viable to monitor with the 
existing control system, it is likely that the corrosion monitoring need will 
be fi lled by the existing system. Most other cases requiring instantaneous 
response to prevent catastrophic results driven by corrosion fi t into the 
category of leak detection and are not, per se, corrosion system 
monitoring.

The nature and criticality of the data for a corrosion control system is 
not nearly as important a factor as it is in other applications. For example, 
the types of remote monitoring system contemplated herein would not be 
suitable for life support or when a failure of the system could lead to loss 
of human life or other catastrophic results. The data from a corrosion 
control system on a pipeline is certainly important, and it is important to 
know when the system is operating outside acceptable parameters, but it is 
not critical that such information be delivered with 100% certainty and/or 
nearly instantaneously because the rate of corrosion on a pipe is not likely 

Table 20.1 Data considerations

Criticality Informational Operational Life support

Cost of monitoring
 system failure

Low Low–moderate High

Rate of data capture
 from the sensor(s)

Broad range – likely
 instantaneous

Seconds Micro-seconds

Frequency of data
 transmission

Quarterly–annually Hourly–monthly Real-time,
 <1 minute

Amount of data
 transmitted

Broad range – bits
 to megabytes

<1 megabyte,
 typically
<100 bytes

Typically >1
 megabyte

Maintenance and
 training required

Low Low–moderate Very high

Justifi able system
 costs

Cost of quarterly
 or annual site
 visits

<$5000 equipment
<$50/month

>$5000 equipment
>$100/month

Typical monitoring
 system choice

Manual Remote
 monitoring

SCADA and/or
 manual

Example
 applications

Test points,
 coupons

Rectifi ers, critical
 bonds

Emergency valves,
 large compressors
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to result in catastrophe if one message is missed. Remote monitoring 
systems are almost always equipped with programming that ensures the 
message will be delivered at some point. United States Department of 
Transportation regulations require corrosion system measurements on a 
bi-monthly basis for pipeline corrosion system rectifi ers, and a remote 
monitoring system that delivers data and alarms on a daily or weekly basis 
meets the demands for criticality by a wide margin. More often than not, 
it is the frequency of data transmission required and the geographic loca-
tions of the sites that determine the suitability of remote monitoring for 
corrosion systems.

20.2.2 Frequency and amount of data transmitted

The amount of data to be transmitted and the transmission frequency 
required are key factors in determining whether remote monitoring is 
viable or if another real time control system is demanded. Some applica-
tions do not warrant the cost of transmitting large amounts of data over 
commonly available wireless networks on a daily or hourly basis. Of course, 
this is changing faster than any other technological element involved in a 
remote monitoring system; in the time it took to write this sentence, the 
price of sending a digital photograph from your cellular telephone has 
probably dropped by 20%. However, even at reduced rates, the cost of 
sending a megabyte of data any more often than monthly would not be 
economically justifi able for many applications. In contrast, such data 
requirements would be warranted when monitoring a 3000 horsepower 
compressor moving millions of cubic feet (or cubic meters) of gas. Today’s 
corrosion monitoring applications do not require that amount of data or 
justify the requisite cost of gathering it.

The frequency of data transmission required for external corrosion 
monitoring often determines whether remote monitoring is justifi ed. In the 
United States, the Department of Transportation (DOT) regulation con-
tained in the Code of Federal Regulations Title 49, Part 192, Subpart 1 
(49 CFR 192.465) require that rectifi ers must be inspected six times each 
calendar year, but with intervals not exceeding two and one-half months. 
Critical bonds (reverse current switch, each diode and each interference 
bond whose failure would jeopardize structure protection) must be 
inspected at the same frequency. Test points and non-critical bonds, 
however, must be tested at least once each calendar year, but with intervals 
not exceeding 15 months. Due to the quantity of test points, the remote 
nature of these devices, and the inherent lack of available power, most 
companies have not found a cost justifi able way to automatically monitor 
these points. As costs continue to come down, technology might advance 
in the future to change this situation. Thus, for cost justifi cation reasons, 
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most companies to date have chosen to manually monitor test points while 
automating monitoring of rectifi ers and critical bonds.

Of course, regulatory requirements are only one consideration. Monthly 
or daily monitoring of cathodic protection systems, including rectifi ers, 
test points and critical bonds provides operational data that is useful for 
the safe and effi cient operation of a pipeline. In a worse case scenario, 
a rectifi er or critical bond may fail immediately after a manual visit and 
remain undetected for up to two and one-half months. Even though cor-
rosion happens at a relatively slow rate, the failure of a corrosion system 
for a month or more may cause signifi cant damage to the pipe depending 
upon the general quality of coating and the quantity of ‘holidays’ (fl aws 
in the coating systems protecting the pipelines) in the specifi c area of the 
failure. If this situation occurs, at best, the risk of failure increases, and 
at worst, the pipe might require mitigation activities that exceed the cost 
of a remote monitoring system by an order of magnitude. While many 
monitoring systems are typically confi gured to report data on a daily or 
weekly schedule, they might also be confi gured to monitor the corrosion 
system continuously and report an alarm condition upon occurrence.

Technology often provides information that users are not prepared to 
use effectively. Regulations and corrosion professionals are geared toward 
looking at bi-monthly data to ensure that all readings are ‘in compliance’. 
Daily measurements are of little use today because they would provide 60 
times more data than people are prepared to handle. In time however, both 
the regulations and the technicians may come to see the value of looking 
for ‘out of compliance’ events within thousands of data points to more 
effectively predict the risk of failure on a pipeline.

Generally, in today’s environment, remote monitoring is diffi cult to 
justify when the data is needed any less often than bi-monthly. However, 
the justifi cation of a remote monitoring system becomes easier when the 
sites that must be monitored are more diffi cult to access manually; i.e. when 
the sites are very remote, geographically spread over a wide area or in 
instances where access to the right of way is behind several locked gates.

20.3 Communications networks

20.3.1 Private networks

Once you have determined that the data requirements are suitable for a 
remote monitoring system, the next step is to determine the best method 
for communicating with the site. Site locations have a signifi cant impact on 
the selection of the communications network(s). Table 20.2 presents an 
overview of commonly available public communications networks. Of 
course, you may always elect to build and operate your own communica-
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tions network. Companies sometimes install a private network to commu-
nicate along a pipeline or other transmission system. However, those 
networks are most often used for SCADA. The operators of those net-
works do not typically allow traffi c from non-critical applications that could 
potentially affect the SCADA system. Often the SCADA system does not 
extend to all of the sites one wishes to monitor remotely and the cost of 
extending the system is prohibitive.

Some utility distribution companies, whether gas, electricity or water, 
are installing a network for the remote monitoring of utility meters. The 
network infrastructure is typically owned by the distribution company 
and may be operated by the distribution company or managed by the 
supplier of the network equipment. These networks may be ideal for 
remotely monitoring sites that are owned by the distribution company 
including corrosion systems. However, similar to SCADA systems, these 
networks are private, primarily used to collect data from the utility meters 

Table 20.2 Network options

Analog Cellular 
(AMPS)

Digital Cellular 
(GSM/CDMA) LEOS GEOS

Coverage North America Metropolitan
 much better
 than rural

Worldwide Worldwide

Data payload 16 bytes SMS: 160 bytes
GPRS: MB+

Typically few
 bytes to KB

Flexible: few
 bytes to MB

Message
 latency

Typically <30 s Typically <30 s Often <1 min. Typically <1 min.

Reliability Proven reliability
 over years

Proven reliability
 over years

Good Very good

Transceiver
 cost

US$75–150 US$75–150 US$100–300 US$300–1000

Monthly fees US$5–25 US$10–50 US$10–50 US$15–100

Risk of
 obsolescence

Very High (Feb. 
2008)

Very Low Low Low

Transceiver size 10 cm × 5 cm 5 cm × 5 cm >20 cm × 10 cm >20 cm × 10 cm

Commercial
 providers

Aeris, Cellemetry,
 carriers

Kore, Aeris,
 Cellemetry,
 carriers

ORBCOMM,
 Iridium

Inmarsat,
 Globalstar

Installation,
 ease of use

Very easy; Must
 determine
 coverage fi rst

Very easy; Must
 determine
 coverage fi rst

Very easy Requires clear
 line of site to
 satellite

Notes: AMPS: Advanced Mobile Phone Service, GSM: Global System for Mobile 
communications, CDMA: Code Division Multiple Access, LEOS: Low Earth Orbiting 
Satellites; GEOS: Geosynchronous Earth Orbiting Satellites, MB: megabyte, KB: kilobyte, 
s: second, cm: centimeter.
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and designed to exclusively serve the owner of the network, and thus, 
have limited application. While there are gas distribution companies 
monitoring corrosion systems with such networks, even those systems 
cannot be economically extended to reach every point requiring 
monitoring.

Power lines are increasingly used for data transmission. As many external 
impressed current corrosion systems are powered by alternating current, 
most rectifi er sites are connected to power lines. However, the power lines 
are owned and operated by the electric utility which is most often not the 
owner of the corrosion system. Again, the ‘power line network’ is often 
privately held by the electric utility and not available to others seeking 
to use it for data transmission. This is an area of change however as some 
power companies begin to use their power line networks for broadband 
Internet access. In addition, standardized, low cost transmitters are not 
readily available for this type of network. The current highly sporadic avail-
ability of such technology makes the ‘power line network’ a largely private 
and impractical choice for broad implementation of remote monitoring 
today. This is an area, however, that warrants continued observation as a 
practical option.

As with data, several important questions need to be answered before an 
appropriate network can be selected. One such question has already been 
covered – if you have your own network available that serves all of your 
sites, skip the remainder of this section.

20.3.2 Landline and local area networks (LAN)

Please note that the networks presented in Table 20.2 are all wireless net-
works. Landline networks (also known as Plain Old Telephone Systems or 
POTS) are of limited value in remote monitoring systems mainly because 
installation and operating cost can be excessive and it can be quite an ordeal 
to get the phone company to install a new connection. By defi nition, most 
sites that are candidates for remote monitoring are, you guessed it, remote. 
In this context, remote often means remote from the nearest connection 
and diffi cult to reach with a wired system. The explosion in availability of 
reasonably priced, reliable, publicly available wireless networks over the 
last 20 years has made POTS obsolete as a mainstream choice for remote 
monitoring.

Also note that the networks in Table 20.2 are all wide-area networks 
(WAN). Some LAN technologies like Bluetooth® wireless, with a range of 
only a meter or two, have such a limited range as to be obviously unsuitable 
for ‘remote’ monitoring. But what of technologies like spread spectrum or 
WiFi with a range of several kilometers? Are those networks WAN or 
LAN? Are they suitable for remote monitoring? For most remote monitor-
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ing applications, the answer is ‘no’. Unless the remote sites you wish to 
monitor are clustered in a relatively small geographic area, e.g., solely 
within one town or city, such networks are unsuitable. In the case of a 
pipeline covering 100 km, a single network of the type shown in Table 20.2 
is clearly the network of choice. In applications covering a territory, country, 
continent or the world, one or more of the networks listed in Table 20.2 
will provide the best balance of coverage, reliability and cost.

LAN technologies may be very useful in gathering data from a number 
of sensors within a small area such as a tank farm or wellhead. In such cases, 
it is much more cost effective to use low cost wireless LAN transceivers to 
communicate from the individual sensors to a central location equipped 
with a WAN radio for communication to the NOC. The alternatives would 
be to ‘hard-wire’ each sensor to the central WAN device or to put a WAN 
radio at each sensor. Hard-wiring is expensive, time consuming and some-
times must be installed in protective conduit to meet electrical code and/or 
regulatory requirements. Given the cost difference between WAN and 
LAN transceivers (US$50–100 or more), using LAN transceivers is the 
most effective route when there are multiple sensors at a remote site that 
are located more than a meter or two away from each other. This type of 
confi guration would likely be the most effective route to monitoring corro-
sion sensors at a tank farm. In this case, since a WAN transmitter is still 
required to get data from the farm to the NOC, the ensuing discussions are 
still relevant. Likewise, there may be corrosion systems deployed at a well-
head and often there are many other sensors within the wellhead that need 
to be monitored. Tying LAN transceivers to each point, including the cor-
rosion system, into a single WAN transceiver RMU that communicates to 
the NOC is likely to be the most cost effective solution.

20.3.3 Fixed versus mobile sites

At this point, you have determined that your application involves monitor-
ing a number of remote sites that are geographically dispersed (i.e. more 
than a few kilometers, more than one or two metropolitan areas). The 
data you require is not critically important, you do not require more than 
about one megabyte of data each month or several bytes each day, and 
you do not own a private network that reaches all of the sites you wish to 
monitor. Before moving on to choosing one or more WAN for your appli-
cation, consider whether the application involves fi xed points or mobile 
sites.

It is diffi cult to imagine a corrosion monitoring application that would 
be mobile. While one may wish to monitor corrosion on a vehicle, e.g., a 
piece of heavy equipment, it is unlikely that one would require that data 
while the vehicle is moving. Corrosion is not likely to occur quickly enough 
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to require that data on a daily or weekly basis in such a case. Example 
monitoring applications involving mobile remote assets include capturing 
and communicating the location and key operating parameters of heavy 
equipment, vehicles and storage containers. Mobile applications have dif-
ferent needs than fi xed points. Most often, multiple WAN must be employed 
to ensure that contact is maintained with the mobile asset at all times. 
Another important difference is that mobile assets are more easily main-
tained; i.e. at some point, they are likely to return ‘home’ where they can 
more easily be upgraded, repaired or maintained.

The best (and potentially worst) aspect about fi xed point monitoring is 
that the asset does not move. It is typically easier to select one WAN for 
each fi xed site since that WAN, once installed, is likely to remain available 
at the site for ten years or more because of the enormous fi xed cost involved 
with installing the WAN. The problem with fi xed points is that any main-
tenance or repair requires a site visit. Remote monitoring is most valuable 
at the most remote sites. Therefore, any visit for repair or maintenance at 
such a site is likely to be very expensive. In extreme cases, the visit may 
require transportation by boat or aircraft. Reliability therefore becomes an 
important factor in the selection of a WAN and the design of the remote 
monitoring device for fi xed sites. It should be noted however, that it is 
becoming increasingly easier to perform remote diagnostics, repair or fi rm-
ware upgrades on fi xed sites as more bandwidth becomes available at 
increasingly reasonable prices. As the corrosion monitoring application is 
likely to be a fi xed site, e.g., a rectifi er on a pipeline cathodic protection 
system, the remainder of this section will focus on selecting a WAN for 
fi xed points and mobile asset monitoring will be ignored from this point 
forward.

20.3.4 WAN obsolescence

Note that the Advanced Mobile Phone Service (AMPS) listed in Table 20.2 
has a very high risk of obsolescence. The detailed standards for AMPS, also 
known as ‘analog’ cellular service, were established in 1981 as the fi rst 
standardized cellular service in the world. It uses an 800 MHz to 900 MHz 
frequency band and a 30 kHz bandwidth for each channel as a fully auto-
mated mobile telephone service. The AMPS control channels used for data 
transmission are different from the ‘talk channels’. The control channels 
transmit data only, so they have voluminous message handling capacities 
and are extremely robust due to the fact that the cellular telephone network 
providers (also commonly known as ‘carriers’) use this technology to deter-
mine who and where you are so that they can charge accordingly. The key 
advantages to using AMPS control channels for remote monitoring are: 
seamless coverage within North America, low cost service and transceivers, 
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near real-time connectivity (very little latency), and robust and proven 
technology. This combination of attributes resulted in over 25 million 
AMPS-based remote monitoring devices being installed in North America. 
However, the technical advantages of digital service over analog led the 
wireless carriers to lobby for the removal of the requirement to provide 
AMPS. The US Federal Communications Commission has announced that 
carriers will no longer be required to provide AMPS after February 2008. 
For this reason, AMPS would no longer be a wise choice for remote moni-
toring. As it has been perhaps the most widely deployed WAN choice for 
many years, AMPS is shown in Table 20.2 for comparison.

Wireless telecommunication is marked by rapid technological change. As 
stated earlier, such change can make choosing a technology for fi xed point 
remote monitoring a challenge. Hence, Table 20.2 attempts to focus on 
networks that appear to be relatively stable and without signifi cant risk of 
technological obsolescence in the next decade or so. However, the reader 
is advised to remain aware of technological shifts in WAN technology. As 
an example, you may note that Cellular Digital Packet Data (CDPD) does 
not appear in Table 20.2. Just a few years ago, before the explosion in digital 
cellular services, CDPD would have been considered a viable option for 
remote monitoring. However, CDPD is no longer available and any remote 
monitoring devices employing that WAN must be removed from service 
and upgraded to a new WAN transceiver.

Also note that Low Earth Orbiting Satellite (LEOS) would not have 
been listed in Table 20.2 had it been published fi ve years ago. The only 
commercial providers of such service were in bankruptcy, and thus, the 
technology was not a commercially viable option. However, the providers 
have emerged from bankruptcy, the technology has emerged as a leading 
option and both the providers and the technology appear to be stable for 
at least the next few years.

20.3.5 WAN choice for fi xed sites

All of the networks listed in Table 20.2 are suitable for remote monitoring 
requiring the exchange of hundreds of bytes up to one megabyte over the 
course of a month from fi xed points spread over a large geographic area. 
Other important factors to consider when selecting one or more WANs are 
coverage area, transceiver cost, monthly fees, network/carrier reliability, 
network latency and size of the transceiver.

Networks fall into one of three general categories: digital cellular, LEOS 
or Geosynchronous Earth Orbiting Satellites (GEOS). Digital cellular 
service is complicated by the existence of two competing standards for 
service: Global System for Mobile communications (GSM) and Code Divi-
sion Multiple Access (CDMA). (Note: while there are still some systems 
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deploying Time Division Multiple Access transceivers (TDMA), those 
systems are obsolete.)

Each ‘fl avor’ of cellular service requires a different transceiver so you 
must know what coverage is available for each in order to gage the viability 
for a given application. Because it is more common globally, GSM trans-
ceivers are typically 10–50% less expensive and smaller than CDMA. 
However, GSM service is further complicated by the presence of four dif-
ferent bandwidths: two for North America and two for the rest of the world. 
Transceivers that employ all four bandwidths are increasingly available, but 
it is advised that you become aware of the different ‘fl avors’ of GSM and 
the availability of the various bandwidths when selecting a network for any 
given location. An exhaustive discussion of GSM versus CDMA service, 
including the relative merits of the technology and the current available 
coverage, is beyond the scope of this chapter. A couple of useful references 
are provided in the bibliography.

For most applications, it is unlikely that 100% of the sites you wish to 
monitor will be covered by any one WAN. Even if all of the sites were 
located within metropolitan areas covered by the same type of digital 
cellular service, it is likely that there will be one or two sites that cannot 
connect to the network for some site specifi c reason. It is desirable to 
use the minimum number of WAN possible to cover 100% of the sites 
for a number of reasons, including: volume discounts on equipment and 
service, training required on device installation and system confi guration 
and the cost of maintaining multiple WAN technologies. Consider the 
specifi c needs of the application in question and select the network that 
fi ts the majority of those sites as the primary network, but be aware that 
it is likely that a secondary WAN will be required for complete 
coverage.

Cost is often a primary WAN consideration – both for the monitoring 
device and the service – but is also the factor that changes most rapidly. 
Just a few years ago, LEOS transceivers were prohibitively expensive for 
some applications at an approximate cost in excess of US$300. However, 
that cost has been cut in half or more resulting in LEOS becoming a much 
more competitive option to digital cellular systems. GEOS transceivers are 
more expensive than LEOS transceivers by an order of magnitude (typi-
cally 2–4 times) because of the power required to communicate with satel-
lites that are much farther away.

The size of the transceiver, while typically of less importance in exter-
nal corrosion applications, has a similar story as cost. The main benefi t 
of a smaller transceiver is that it allows for a smaller RMU that is less 
obtrusive and more easily hidden to protect it from vandalism. GSM 
transceivers are the smallest in size and getting smaller every day. A 
small transceiver allows for a smaller package and often reduces the 
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total cost of the RMU. CDMA transceivers are not much larger than 
GSM transceivers and thus are unlikely to be at much of a disadvantage 
for most applications. LEOS transceivers are rapidly shrinking in size 
and cost as deployments increase. In most remote external corrosion 
applications, the half-wave whip antenna commonly utilized with the 
LEOS is a suitable solution because vandalism is less of a concern. 
However, in certain applications a lower profi le LEOS antenna is pre-
ferred and available. GEOS transceivers are the most diffi cult to deal 
with from a size perspective; for some networks, the antenna alone 
may be one-half meter square. Vandalism is often more of a concern 
in metropolitan areas where a digital cellular service is likely to be 
readily available. Thus, transceiver and antenna size are other consid-
erations in the selection of a WAN for a remote monitoring system, 
and it is possible that the deployment of multiple WAN types may be 
required.

20.4 Application specifi c requirements

20.4.1 Power requirements

The RMUs require power to operate. Thus, understanding the power 
requirements of the monitoring site is one of the most important aspects in 
designing and selecting a system. Many sensors will have their own power 
supply and will not require power from the RMU, but it is important to 
make sure that is the case, because an RMU is often designed to provide 
power solely for itself and some sensors can require a signifi cant amount 
of additional power.

If the RMU only needs to power itself, the next choice is to determine 
what type of power is available. In many corrosion applications, alternat-
ing current (AC) power is used to power the external corrosion control 
system. AC power is rectifi ed to direct current (DC) power, adjusted to 
the appropriate level and applied to an anodic ground bed that is used 
to fl ow direct current into the metal structure to prevent corrosion. Most 
remote monitoring applications today are in fact measuring the output 
current and voltage provided by the rectifi er to the ground bed. If there 
is AC power at the rectifi er, the RMU has a ready power source avail-
able and thus can avoid the use of a standalone power system consisting 
of batteries and/or solar panels. Batteries, even those that are recharged 
by solar power, need to be replaced periodically and thus add maintenance 
cost. However, few savings in RMU cost are achieved through the use 
of AC power over batteries as the electronics in the RMU require addi-
tional components to make effective use of the AC and protect the elec-
tronics from power fl uctuations.
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At those sites where AC power is available for remote monitoring, an 
important advantage emerges in that unlimited power allows for near-
immediate two-way communications between the RMU and the NOC. 
Most battery powered designs provide limited power and thus the trans-
ceiver is turned off or put in standby mode until a data transmission is 
required by an alarm condition or scheduled report. Batteries can be sized 
such that the transceiver may be left on all the time, but such designs are 
often economically impractical. Transceivers are being introduced that 
require less power all the time, and thus, it is becoming easier to leave those 
devices on for at least some portion of each day, but even that type of design 
does not allow for immediate two-way access to the RMU on demand.

Two-way communications between the RMU and the NOC provide a 
number of important features. First, it allows the user to check the status 
at the remote site at any time instead of waiting for the RMU to make a 
scheduled report. Second, it allows the NOC to send fi rmware and/or con-
fi guration program updates remotely. For fi xed point locations, this feature 
is particularly attractive, because it allows for trouble shooting, reconfi gura-
tion and new features without a site visit. Mobile sites will eventually return 
‘home’ where such activities can be completed at low cost, but it can be 
expensive to accomplish those items in fi xed point installations.

Finally, two-way communications also allow for remote control. A user 
may wish to take action at the site remotely through the RMU instead of 
passively monitoring the status of the site. Examples of such actions are 
activating ancillary equipment such as turning on pumps, adjusting the 
operating parameters of a compressor or opening a valve. The need for 
remote control in corrosion applications will be discussed later in this 
chapter.

Often, the user will want to know when AC power is off at the site since 
it means that the site equipment is no longer operational or is relying on 
limited back-up power supplies. If the RMU is also relying on AC power, 
it must be designed with a back-up power supply of its own in order to 
report the outage. This requirement further reduces the cost differential in 
the AC powered RMU compared to a battery powered unit.

Many remote monitoring applications, however, do not have AC power 
readily available. Most critical bonds and test points are simple test stations 
inside plastic risers sticking out of the ground in the middle of a fi eld 
without any power supply in sight. In those applications, the RMU is typi-
cally powered by batteries. In most cases, the RMU will be located where 
there is enough sunshine to power a solar panel used to recharge the 
battery. The use of such rechargeable batteries is most economical as they 
require less frequent replacement and often last for the useful life of the 
RMU. In cases where the RMU is installed indoors, or where vandalism of 
the solar panel is a particular concern, disposable lithium batteries are often 



492 Techniques for corrosion monitoring

used. Maintenance of the power supply is another factor that is more impor-
tant for fi xed sites than mobile applications.

20.4.2 Environmental requirements

Most remote monitoring applications are outdoors, and the RMU must be 
protected from the elements to insure reliable operation of the electronics 
and transceiver. The environmental requirements and methods used to 
protect the RMU are similar to those of many other outdoor industrial 
applications. The RMU must be designed to handle wide variations in 
temperature and relative humidity. Choosing an RMU with a suitable 
enclosure for the conditions is important. Many enclosures also provide 
latches that may be locked to prevent tampering.

An environmental concern that is more specifi c to external corrosion 
monitoring is protection from power surges. Essentially, the pipelines are 
huge conductors capable of carrying large surges of current that can damage 
sensitive electronics if not properly protected. Sources of these surges can 
include lightning hitting an exposed portion of the pipe creating large 
potential energy or other external sources such as high voltage AC induc-
tion. Various techniques exist to protect the electronics, but as always, there 
is a cost/benefi t tradeoff. One technique that is commonly used is to keep 
the RMU inputs isolated from the pipeline at all times except when a mea-
surement is in process. This technique reduces the probability of failure 
signifi cantly. In lightning prone areas, it might be necessary to add external 
lightning protection devices to the remote monitoring inputs to protect 
them from likely close proximity lightning strikes.

20.4.3 Input requirements

An RMU is typically designed to monitor a limited number of inputs from 
sensors at the site. Most sensors at remote sites provide a standard type of 
input that can be grouped into three categories: digital, analog or serial. 
Digital inputs are often used to sense a simple state change: ON versus 
OFF, OPEN versus CLOSED, 1 versus 0. Analog inputs are often used to 
measure a value and most analog sensors provide a standard range of 0–5 
volts or 4–20 milliamps. Most RMUs are designed to accommodate several 
digital inputs and are limited to monitoring state changes. Some RMUs 
have the added capability of being able to monitor analog inputs along with 
digital inputs and can therefore be used to monitor a wide variety of appli-
cations. Analog inputs are required for external corrosion system monitor-
ing. A general monitoring example of how analog signals are utilized would 
involve a level sensor on a storage tank that may be calibrated to provide 
a 4 to 20 milliamp current signal relating to the actual level. The signal is 
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converted to a voltage signal acceptable to the RMU such that four milli-
amps equates to one volt or empty and 20 milliamps equates to fi ve volts 
or full. The voltage measured by the RMU at any given point in time is 
assessed for alarm conditions. The voltage value is also potentially transmit-
ted to the NOC on a scheduled basis and is converted to a volume measure-
ment by knowing the size of the tank being monitored at the site.

Serial connections are often used to allow the RMU to communicate with 
an intelligent device at the site. Many intelligent industrial devices employ 
a standard language called Modbus. According to Wikipedia: ‘Modbus is a 
serial communications protocol published by Modicon in 1979 for use with 
its programmable logic controllers (PLC).’3 It has become a de facto stan-
dard communications protocol in industry and is now the most commonly 
available means of connecting industrial electronic devices. The main 
reasons for the extensive use of Modbus over other communications pro-
tocols are:

1.  it is openly published and royalty-free
2.  it can be implemented in days, not months
3.  it moves raw bits or words without placing many restrictions on 

vendors.

So, an RMU with a serial connection and Modbus capability can be used 
in a wide variety of applications including gas volume correctors, electronic 
fl ow measurement systems, gas pressure monitors or more sophisticated 
level sensors. Thus an RMU equipped with a serial connection may be able 
to determine not only the level of the tank, but also its contents, tempera-
ture, pressure and the last time the valve was opened or closed.

Basic corrosion monitoring typically involves reading two analog inputs 
from a rectifi er. Typical measurements at the rectifi er include DC output 
voltage and DC output current from the rectifi er. Current is determined by 
taking a voltage reading across a ‘shunt’ of known resistance. That voltage 
level is then scaled to represent the appropriate current level once the 
signal reaches the website. Required rectifi er output voltage levels are 
determined by a number of environmental and pipeline construction factors. 
The DC output voltage of the rectifi er may be sensed and converted to a 
range that the RMU accepts, and then, the voltage measured by the RMU 
at any given point in time after transmission to the NOC can be scaled to 
display on the website the actual DC voltage level leaving the rectifi er. Like 
the current reading, this value is scaled for display at the website. Some-
times, additional measurements like test point and critical bond voltage 
levels might also be taken by the RMU at the rectifi er. These measurement 
characteristics are described below.

As discussed earlier, test point and non-critical bonds (places where 
two or more pipelines cross) may not warrant the cost of remote moni-
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toring systems because of the relatively infrequent need for the data. 
However, when these points are located in close proximity to the rectifi er, 
the RMU must also have the capability to read them. Regardless of whether 
these test points and non-critical bond measurements are taken along 
the pipeline or at the rectifi er, the characteristics are the same. These 
measurements require bi-polar analog inputs since these voltages are typi-
cally negative in polarity. They are also usually at a relatively low level; 
i.e. usually zero to two volts in magnitude. It is important to obtain a 
clean signal, and thus, AC fi ltering is a requirement.

20.4.4 Remote control; output requirements

In Section 20.4.1, the importance of two-way communications was briefl y 
discussed. In corrosion monitoring, two-way communications are needed 
for remote control to support two specifi c needs: (a) turning the rectifi er 
on and off at specifi c intervals and (b) remotely adjusting the rectifi er to 
tune the corrosion control system.

While basic monitoring of rectifi er voltage and current is employed 
in the majority of remote sites, there is increasing demand for remote 
synchronized current interruption (i.e. using relays to cycle rectifi er output 
voltage at specifi c timing intervals). The RMU typically accomplishes 
this by enabling or disabling a program within an optional current inter-
rupter that uses the Global Positioning System (GPS) to provide timing 
synchronization. Each current interrupter is pre-programmed with a 
variety of interruption schedules. The user can remotely trigger a specifi c 
interruption program through the RMU. Signifi cant savings are available 
due to the elimination of a costly manual interruption set up. When a 
series of rectifi ers are interrupted in a concurrent, synchronized manner, 
additional data can be gathered on the operation of the system via 
manual survey techniques using handheld computers with the same GPS 
time synchronization techniques. These devices are equipped with integral 
digital voltmeters to allow for collecting voltages along the expanse of 
the pipeline at close intervals for later analysis of the viability of the 
impressed current protection. Once collected, this data is moved elec-
tronically into a historical database for analysis, remediation and regula-
tory audit purposes.

In the United States, the DOT has established rules regarding External 
Corrosion Direct Assessment (ECDA) as part of the holistic pipeline 
integrity management requirement. Pipeline companies are expected 
to utilize at least two techniques to assess whether their pipelines are 
properly protected from corrosion. Generally, one chosen technique is 
focused on fi nding and sizing ‘holidays’. The other technique described 
directly above is intended to assess where the pipeline is being protected 
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by the cathodic protection system and where it is not in order that 
remediation may be achieved. This technique is commonly known as 
Close Interval Survey (CIS) or Close Interval Potential Survey (CIPS). 
Readings are taken every few feet while the power to the pipeline is 
cycled so that a pair of readings at each point (Instant On and Instant 
Off) might be obtained. The need to collect this information from at least 
two ECDA techniques and analyze the results concurrently is already a 
DOT requirement.

The other important use of two-way communications in corrosion moni-
toring is to allow for adjustment of auto-potential rectifi ers. By using an 
analog output from the RMU, the user can command that the set point of 
the rectifi er change to support changing environmental conditions. Most 
often, the need for this type of adjustment is driven by extreme variation 
in ground moisture that will result in a need for more or less power output 
from the rectifi ers.

20.5 NOC and supporting systems

20.5.1 Network operating center basics

The NOC is an often overlooked piece of the remote monitoring system. 
The RMU and WAN most often get lots of attention, because that is where 
specifi c design questions must be answered prior to implementation and is 
most often where the system breaks down. However, the RMU is just an 
attractive doorstop without the NOC to gather, decode, store and dissemi-
nate the information gathered remotely. The point of remote monitoring 
is to improve the speed of collection, accuracy and value of the data mea-
sured at the remote site. The NOC is responsible for delivering information. 
An NOC typically includes a signifi cant investment in computer hardware 
and software – machines that are connected to WAN and the Internet 24 
hours a day and seven days a week, a database to store the data and soft-
ware to distribute information.

20.5.2 Data security and redundancy

In some remote monitoring applications, security of the data during trans-
port can be a very important feature. For example, if detailed gas mea-
surement data could be intercepted, a competitor might gain an important 
advantage. However, in most practical cases, the data being collected by 
remote monitoring has limited value even if it could be understood by 
the intercepting party. Most of the data collected is encoded and com-
pressed by the RMU in order to save money by using less bandwidth. 
Even if the data packet sent from the RMU was readily transparent, the 
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WAN employed likely has extensive data encryption to provide security 
during transport. While this question may come up in remote monitoring 
discussions, it is of little importance for monitoring corrosion systems.

In some non-corrosion remote monitoring applications, NOC uptime is 
critical. Designing an RMU and choosing a WAN for maximum reliability 
will be efforts made in vain if the NOC is not on-line because of power 
outages, software defects or lost connectivity. For critical data needs, it is 
important to have a back-up NOC that is automatically set in operation, 
with a current copy of all data collected, whenever the primary NOC is 
down for any reason. For corrosion monitoring however, this is of less 
concern for all of the reasons discussed in earlier sections about the nature 
of the data collected in remote monitoring.

Some applications rely on the NOC to be the primary storage site for 
operational data. In some remote monitoring applications, it may be critical 
that the NOC database maintain a long history of the data collected from 
RMU over time. However, most applications, including corrosion monitor-
ing, allow the user to export the data from the NOC database to operational 
software for further analysis and warehousing. In the case of corrosion 
monitoring, the data is often exported to a package such as the Pipeline 
Compliance SystemTM software where it is archived for regulatory reporting 
and analyzed against other corrosion data, such as manually collected test 
point readings, to identify system defects. Storage capacity therefore is not 
typically an issue with the NOC database unless one is relying on it to be 
the primary data warehouse.

20.5.3 Data export, analysis and grouping

Once collected, decoded and effectively stored within the NOC database, 
users must be able to manipulate the data. As discussed above, data is most 
often exported from the NOC to other operational software for further 
processing and analysis. The NOC software must make data export possible 
in a variety of formats. The optimum system allows for the data to be auto-
matically exported and electronically delivered to client business systems. 
It is important to understand how one wants to use the data collected by 
the remote monitoring system and ensure that the NOC can accommodate 
effective and correct delivery of the data.

Some companies may not have access to operational systems for analysis 
of the data collected from the remote monitoring system. In that event, it 
is important to ensure that the NOC software provides analytical tools. 
Those tools may be as simple as providing for export to a common com-
mercial package like Microsoft® Excel® software or as complex as providing 
route scheduling features and Graphical Information System support to 
map locations.
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Users often wish to group remote sites according to departments or 
regions formally responsible for manually collecting data. For example, a 
pipeline may be separated into different operating areas with different 
management, personnel and resources responsible for maintaining the cor-
rosion system on that segment of pipe. The NOC software must be capable 
of grouping RMUs for appropriate visibility by the supporting personnel. 
The optimum system provides security features that allow for varying levels 
of access to the data according to functional need. Some users might be 
allowed to make changes while others are only allowed to view data. Finally, 
visibility might be controlled according to breadth of responsibility, so a 
regional manager might have access to a broader range of data than a local 
technician.

20.5.4 Alarm notifi cations

Some remote monitoring applications exist solely to screen for alarm con-
ditions – to provide an indication that operating characteristics are outside 
normal conditions. Some remote monitoring systems allow for the periodic 
collection of data and the essential capability of immediately notifying 
users that an alarm condition exists at the site. Corrosion monitoring appli-
cations are not particularly time critical; however, it is still important to 
know that a problem exists at the remote site as soon as it occurs. Users 
should be able to program any number of notifi cation methods including 
voice, facsimile, electronic pager, numeric pager and electronic mail. The 
message should provide the recipient with basic facts about the alarm 
condition so that effective action may be taken. This information should 
be delivered reliably. Clients should be offered the option of escalating 
the notifi cations – if the recipient does not acknowledge receipt of the 
alarm notifi cation within a certain amount of time, the NOC sends addi-
tional notifi cations to ensure that the alarm condition is communicated 
and addressed.

False alarms can be a signifi cant problem in remote monitoring systems 
and can result in excessive communication costs if not managed properly. 
The RMU must have the ability to distinguish a true alarm from a false 
alarm. This is often accomplished by requiring that the alarm condition 
persist for a given time period. Likewise, false alarms can also be controlled 
by using a technique called ‘deadband’ whereby an input is not allowed to 
alarm again until certain characteristics have been met.

20.5.5 Supporting systems

If the NOC is often ignored, supporting systems are almost always ignored. 
An effective remote monitoring system includes a software system that 
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supports production of RMU and ensures that the NOC knows what devices 
may be reporting to it. Each RMU must be married to its transceiver and 
stored in the NOC database before it can report from the remote site. Its 
transceiver must also be activated on the WAN so it can be tested ‘end to 
end’ prior to shipment. These processes must be accomplished correctly 
and effi ciently prior to installation at the site. Such systems also must 
provide for pre-programming of parameters according to client specifi ca-
tions so that the user does not have to do so on-site.

Like it or not, products break and must be repaired. An effective moni-
toring system is tied to a return processing system that ensures returns are 
processed effectively and network fees are properly assigned while the 
RMU is in repair. A user should be able to tell which RMUs are in repair, 
how long they have been there, when to expect them back and be confi dent 
that it will not be charged for communications fees while the RMU is in 
repair.

Finally, a remote monitoring system needs an effective billing system for 
communications fees. Clients need to be billed accurately for tens or thou-
sands of RMUs transmitting megabytes worth of information each month. 
Clients may wish to group RMUs for billing to different departments or 
companies and will need to see detail on billing charges.

20.6 Sources of further Information

1  ‘Offi ce of Pipeline Safety: Pipeline Safety Initiatives’ 2007. http://ops.dot.gov/init/
init.htm#safety (19 January 2007).

2  ‘Offi ce of Pipeline Safety: Pipeline Statistics’ 2007. http://ops.dot.gov/stats/stats.
htm (19 January 2007).

3  ‘Modbus’ 2007. http://en.wikipedia.org/wiki/Modbus (19 January 2007).
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21.1 Introduction

Monitoring and modeling may be considered as components of an Inte-
grated System Health Management (ISHM) approach (Fig. 21.1). In this 
intertwined approach, monitoring and modeling constitute the assessment 
aspect of ISHM, while feedback and decision-making ensure that the 
monitoring and modeling tools are revised in order to provide greater 
confi dence to the prognosis and appropriate decisions to repair or mitigate 
the corrosion damage. Communication in terms comprehensible to other 
teams implementing these decisions is also important. If one considers the 
timeline of performance, monitoring provides information on the current 
extent and mode of corrosion. Inspection techniques (e.g., ultrasonic exam-
ination) provide information on total material loss or defect size due to 
corrosion that happened in the past. The inspection information has also 
been referred to as a ‘lagging indicator’ (Hedges et al., 2006) because by 
the time the defect indications appear, signifi cant corrosion may have 
already taken place (Fig. 21.2). Monitoring tools (e.g., electrochemical 
sensors), provide information on damage that is occurring at present, the 
time resolution of which depends on the specifi c technique used. If the 
sensor readings are integrated, material loss due to corrosion that occurred 
in the past can be determined. Thus, the inspection and monitoring tools 
provide the diagnostic elements of system health management. However, 
inspection and sensors by themselves cannot predict the future state of the 
system – a corrosion model is required for this purpose. Thus, models may 
be regarded as the ‘leading indicators’ or the prognosis elements of an 
ISHM program (Fig. 21.2).

In an approach developed by the Electric Power Research Institute 
(EPRI) in the United States for assessing the remaining life of power 
plant equipment, a three level process is identifi ed (Dooley, 1990). In 
Level 1, essentially a review of equipment design, visual inspection, and 
simple empirical modeling using design parameters is considered 
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suffi cient for estimating remaining life. If key information on equipment 
history and operations is missing or if visual examination indicates that 
the expected life is less than the design life, then a Level 2 assessment is 
recommended. In Level 2 assessment, non-destructive examination and/or 
monitoring techniques are employed to characterize defect sizes and cor-
rosion growth. In Level 2 as in Level 1, simple models are used to predict 
remaining life, but the models use operating parameters, rather than 
design parameters. If Level 2 assessment is not considered suffi cient, then 
a Level 3 assessment is recommended. The Level 3 assessment involves 
root cause analysis, testing, and detailed modeling. Thus, in the EPRI 

Corrosion
monitoring
(diagnosis)

Feedback
and

decision
making

Modeling
(prognosis)

ISHM

21.1 The three elements of an Integrated System Health Management 
(ISHM) relevant to corroding systems.
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21.2 Elements of corrosion assessment.
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framework, as in ISHM, modeling forms an integral part of health 
management.

This chapter will outline how models can be used along with monitoring 
to predict the future state of a system. Models may derive functional rela-
tionships from empirical data on corrosion using a variety of statistical 
methods or use fundamental laws of processes involved in corrosion (also 
called variously mechanistic, physics-based, physicochemical, deterministic, 
etc.). Typically, the empirical models cannot be extended beyond the range 
of parameters used to develop the models. Section 21.2 provides some 
examples of empirical models. Fundamental models, in contrast, provide a 
framework through which predictions can be extended beyond the limits 
of the data. It must be emphasized however, that fundamental models also 
require experimental data. Indeed, elaborate models may contain many 
parameters that require ‘calibration’ from experimental data because inde-
pendent measurements of these parameters are either diffi cult to obtain or 
do not yet exist. However, these data may be generated under conditions 
not directly related to the actual application, thus providing greater freedom 
from the constraints of the application. Furthermore, good modeling prac-
tice ensures that even where calibration of the model parameters is done, 
verifi cation of the model predictions is performed against independent data 
sets.

Fundamental models may be developed for different size and time scales. 
The atomic and molecular level models focus on the interactions between 
the environment and the material at the atomic/molecular size scales. 
Examples of such models include the point defect model (PDM) for passive 
dissolution and localized corrosion initiation and molecular dynamics 
models for examining the interactions between inhibitors and metal sur-
faces. Because they consider detailed interactions at atomic/molecular 
levels, they are also typically constrained to short time scales. Fundamental 
models can also exist at macroscopic scales. Examples of such models 
include crevice chemistry models and mixed potential models. The time 
scales of these models can vary from minutes to years. Section 21.3 provides 
examples of fundamental models. Often, fundamental models have to be 
‘abstracted’ into simplifi ed numerical or analytical schemes in order to 
enable system-level assessments. Section 21.4 discusses integration of 
models with monitoring and future directions in ISHM of corroding 
systems.

21.2 Examples of empirical models

Because empirical models often mimic a particular application condition, 
the variety of empirical models is almost endless. Therefore, this section 
provides some examples from different corrosion applications. Also, models 
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to extract corrosion rate information from electrochemical impedance, 
noise, or other electrochemical measurements are discussed elsewhere in 
this book and therefore will not be covered in this chapter. The focus will 
be on time dependence of corrosion rate predicted by the models since this 
is of greatest importance in prognosis based on sensor measurements. 
Mention will also be made of empirical models that address extrapolation 
with respect to area and environmental parameters.

21.2.1 General corrosion models for natural environments

As discussed in Chapter 2, corrosion is seldom completely uniform and 
most of the corrosion that is considered to be uniform corrosion or general 
corrosion has some waviness to the morphology. Therefore, the term 
general corrosion is invoked here to indicate that the corrosion is governed 
by a relatively uniform spatial distribution of anodic and cathodic sites, in 
contrast to localized corrosion where the anodic and cathodic sites are 
separated spatially by a signifi cant distance (see Chapter 2.2 and Sections 
21.2.4 and 21.3.3 for more details). General corrosion rates follow a variety 
of rate laws depending on the rate determining steps for cathodic and 
anodic processes.

For atmospheric corrosion, a number of empirical rate laws have been 
proposed on the basis of long-term exposure data. The simple power law 
(Equation [21.1]) is most often used, but tends to under-predict the 
corrosion rate at short and long time periods.

CR = b0tb1 [21.1]

Where CR is the corrosion rate, b0 and b1 are constants. A major interna-
tional program called ISO CORRAG has developed methodologies to 
predict the corrosion behavior of iron and zinc in various atmospheric 
conditions (Konatkova et al., 1995) using Equation [21.1] as the form of 
corrosion rate function. As a part of this program, Dean and Reiser (2002) 
examined eight-year atmospheric corrosion data on zinc panels from 51 
sites around the country in the United States (marine, rural, urban and 
industrial sites) out of which they selected 23 sites to develop a regression 
equation for calculating corrosion rate. The corrosion rate of zinc was 
calculated as a logarithmic version of Equation [21.1]:

Log (M) = a + b log(time) [21.2]

Where ‘M’ stands for metal loss per unit area (in micrometers) and the 
constants ‘a’ and ‘b’ are constants that depend on the specifi c location. 
Based on the 23 sites examined, they developed a regression equation for 
‘a’ and ‘b’:
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b =  0.804 + 7.72 × 10−4 (so2) − 1.48 × 10−5 (TOW) 
+ 3.77 × 10−4 (Cl−) [21.3]

a =  0.007 + 42.6 × 10−4 (so2) + 3.43 × 10−5 (TOW) 
+ 3.68 × 10−4 (Cl−) [21.4]

Where TOW is the average Time of Wetness in hours per year when the 
temperature is greater than 0 °C and relative humidity (RH) is greater than 
80%, the sulfur dioxide is the average concentration in mg/m3, and the 
chloride is the average deposition rate in mg/m2 day. Therefore, the corro-
sion loss can be calculated at any given location if the above parameters 
are known. An example calculation is shown in Table 21.1 for zinc at three 
different locations to illustrate the wide range in corrosion behavior. 
Galvanized iron corrodes at a slightly higher rate than zinc due to the 
porous nature of the zinc coating and the galvanic action between the iron 
and zinc that accelerates the zinc corrosion.

The representation accuracy of Equation [21.1] can be improved (McCuen 
and Albrecht, 1994) by the power-linear model with constant intercept 
(Equations [21.5] and [21.6]), where the power model represents the short-
term data and the linear model represents the long-term data, the two 
models being equated at a transition time period.

CR = b0tb1 for t ≤ tc [21.5]
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The choice of transition time is critical to the accuracy of the model (McCuen 
and Albrecht, 1994). Therefore, a variable intercept model (Equations 
[21.7] and [21.8]), where the transition time is another parameter that has 

Table 21.1 Calculated corrosion rate of zinc using Equations [21.1] to [21.4]

Site
SO2,
mg/m3

Cl,
mg/m2.d

TOW,
h/Y

Parameters
Corrosion 
loss, mils

b a 1Y 75Y

Kure Beach,
 NC, USA

0.61 184 4289 0.81 0.22 0.07 2.18

Los Angeles,
 USA

1.28  0 4003 0.75 0.15 0.06 1.39

Panama Coastal 3.3 619 7598 0.93 0.51 0.13 6.98

Note: 1 mil = 25 µm



504 Techniques for corrosion monitoring

to be numerically fi tted, provides greater accuracy in representing the 
data.

CR = b0e−b2ttb1 for t ≤ tc [21.7]
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In these applications, the typical engineering design life is 75 years, whereas 
the experimental data set is for a much shorter-period of time. The impact 
of the choice of the empirical model on predicted corrosion penetration is 
shown in Figure 21.3. The models described in Equations [21.1]–[21.8] may 
be used in conjunction with atmospheric exposure tests. Coupon exposure 
tests are also conducted in other types of applications, notably in the process 
industry. While, most of the time, a single exposure test is conducted and 
therefore, the time dependence of corrosion rate cannot be determined, 
interval tests can be conducted to derive a time-dependent corrosion rate. 
The functionality may depend on the environmental condition being 
tested.

Corrosion of iron and steel under immersion conditions in marine expo-
sure sites takes on a more complex form due to the interplay between fi lm 
formation, dissolution, and microbiologically infl uenced corrosion. Melchers 
(2006) identifi ed four different stages in corrosion growth as illustrated in 
Fig. 21.4. In the initial stages, identifi ed as Stages 0 and 1, corrosion is 

21.3 Atmospheric corrosion penetration depth predicted by three 
different empirical models at the end of a 75-year design life. The data 
points shown were used to generate the three models (McCuen and 
Albrecht, 1994).
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essentially in the active mode unrestricted by corrosion product. Therefore, 
a constant rate of corrosion prevails. Although Melchers argues that Stage 
0 is not governed by oxygen transport to the surface, it is inconceivable that 
oxygen transport does not limit the cathodic reaction rate under immersion 
conditions, except for an extremely short period of time where the diffusion 
boundary layer is getting established. It is likely however, that a constant 
rate of corrosion prevails because of unrestricted access to the steel surface 
of the corrosive environment. Thus, Stages 0 and 1 cannot be easily distin-
guished in practice. The constant rate of corrosion can be calculated from 
the active anodic polarization of iron corrosion and transport-limited 
cathodic polarization of oxygen reduction reactions. Melchers (2006) 
showed that this initial corrosion rate primarily depends only on sea water 
temperature.

In Stage 2, a relatively thick corrosion product build-up occurs that may 
be a mixture of iron oxyhydroxides, primarily β-FeOOH. The build-up of 
corrosion product establishes a diffusion-controlled anodic dissolution rate 
that decreases with time. The build-up of corrosion product creates an 
anaerobic environment at the steel surface leading to the attachment of 

21.4 Different stages of corrosion penetration on carbon steel 
immersed in sea water (Melchers, 2006).
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sulfate reducing bacteria (SRB). The time for the start of SRB-induced 
corrosion depends on the seawater temperature, dissolved oxygen levels, 
nutrients, etc. Once SRB colonies attach themselves to the steel, an upsurge 
in corrosion (Stage 3) is noted. Stage 4 represents a steady-state corrosion 
behavior possibly determined by dissolution rate of the outer corrosion 
product layer, transport of nutrients to the SRB colonies, and the dissolu-
tion rate of the steel by SRB colonies.

21.2.2 General corrosion models for process environments

Another application of empirical model to predict uniform corrosion rates 
is in the area of CO2 corrosion. The most widely used model in the industry, 
for CO2 corrosion prediction, is the semi-empirical model originally devel-
oped by de Waard and Milliams (1975) and modifi ed by de Waard et al. 
(1991, 1995) and de Waard and Lotz (1993). The basis of these models is 
the de Waard and Milliams equation:

log mm y
C

log COCR
T

p, . .( ) = −
°( )

+ ( )5 8
1780

0 67 2  [21.9]

Although this model and its variants introduced later by de Waard et al. 
incorporated CO2 pressure, pH, temperature, fl ow rate, inhibitor, scale 
formation and steel microstructure, it is not directly applicable for use 
when the environment contains H2S or O2 or both. Other empirical models 
that are used by industry (Jepson et al., 1997; Palacios and Corpoven, 
1997; Halvorsen and Sontvedt, 1997; Gunaltun, 1996; Gunaltun and Larrey, 
2000; Bonis and Crolet, 1989; Sangita and Srinivasan, 2000) are mainly 
applicable for production systems in the temperature range of 30 to 120 °C. 
Their validity at lower temperature is questionable. Furthermore, with the 
exception of the model by Sangita and Srinivasan (2000), the other empiri-
cal models are valid for CO2 only systems. It is well-known that the pres-
ence of small concentrations (ppm levels) of H2S can decrease the corrosion 
rate in CO2 environments due to the formation of iron sulfi de fi lms. An 
empirical model available to account for the combined effect, on the steel 
corrosion rate, of CO2, H2S and O2 was developed by Sridhar et al. 
(2001a). The multiple regression model, developed from short-term 
experimental data in static and gently fl owing solutions, is given in 
Equation [21.10]:

CR =  8.7 + 9.86 × 10−3 (O2) − 1.48 × 10−7 (O2)2 − 1.31(pH) 
+ 4.93 × 10−2 (CO2)(H2S) − 4.82 × 10−5 (CO2)(O2)
− 2.37 × 10−3 (H2S)(O2) − 1.11 × 10−3 (O2)(pH) [21.10]

where the corrosion rate, CR, is in mils/year (1 mil = 25.4 µm), O2 concentra-
tion is in ppmv, CO2 is in psi (1 atm =14.7 psi), and H2S is in psi. Equation 
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[21.10] shows that O2 is the most important accelerator to the steel corro-
sion and there is a synergistic effect between CO2 and H2S and between O2 
and H2S, CO2 or pH. Although Equation [21.10] is useful for corrosion rate 
estimation, it is based on only a limited number of data points and rather 
simple fl ow conditions. Another important drawback in using Equation 
[21.10] is that the pH is an important variable, but is not always known. If 
water condenses from the gas phase, the pH of the water in equilibrium 
with CO2 and H2S is about 4.5. Equation [21.10] cannot be used for systems 
involving fl ow other than stratifi ed fl ow. Both Equations [21.9] and [21.10] 
assume that the corrosion rate is constant with time. Finally, in the presence 
of H2S and O2, localized corrosion is highly likely, which is not predicted 
either by Equations [21.9] or [21.10].

21.2.3 Empirical models for fl ow assisted corrosion

In cases where corrosion rate is controlled by the transport of species to 
or from the corroding electrode, the corrosion rate can be calculated from 
the product of the mass transfer coeffi cient and the concentration differ-
ence of the rate controlling species in the solution between the electrode 
surface and the bulk solution. Flow-induced corrosion is discussed in 
more detail in another chapter; therefore this chapter provides a brief 
description of the empirical models in the context of other empirical 
modeling.

Empirical models in these cases help translate the results from one geom-
etry (e.g., a rotating cylinder electrode test in the laboratory) to a different 
geometry (e.g., a pipe fl ow condition in the fi eld) (Silverman, 2004). For 
the rotating cylinder electrodes, Silverman (2004) showed that general 
relationship of the form

Sh = a[Re]b[Sc]c [21.11]

In Equation [21.11], the Sherwood number (Sh) is related to the mass 
transfer coeffi cient given by Sh = (kd/D), where k = mass transfer coeffi -
cient in cm-s−1, d = diameter of cylinder in cm, and D = diffusion coeffi cient 
of the rate controlling species in cm2-s−1; the Reynolds number (Re) is 
given by rud/m, where r is the density of the fl uid in g-cm−3, u is the fl uid 
velocity in cm-s−1, and m is the absolute viscosity of the fl uid in g-cm−1-s−1; 
and the Schmidt number (Sc) is given by Sc = m/rD. In Equation [21.11], 
the values of ‘a’ ranged from 0.0489 to 0.219, ‘b’ ranged from 0.6 to 0.748, 
and ‘c’ ranged from 0.27 to 0.41 for a smooth, rotating cylinder electrode. 
Thus, once the mass transfer coeffi cient is determined from Equation 
[21.11], it can be used for other geometries, if self-similarity in mass 
transfer coeffi cient is assumed. For example, in order to maintain equal 
mass transfer coeffi cient between a rotating cylinder electrode and a pipe 
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under turbulent fl ow conditions, Equation [21.12] (Silverman, 2004) may 
be used:
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21.2.4 Empirical models for localized corrosion

The empirical approaches to localized corrosion prediction utilize a number 
of factors that are known to affect localized corrosion initiation and propa-
gation. Some of these approaches are shown below.

Critical pitting/crevice temperature

This is used mostly to provide a relative ranking of alloys in a standard 
environment, such as 6 wt% FeCl3. It is known that either pitting or crevice 
corrosion initiate (at a macroscopic level) above a critical temperature that 
is a function of alloy content, surface preparation, environmental composi-
tion and test time. Relative ranking of alloys in a standardized environment 
can be used to make judgments on the selection of appropriate alloys in a 
given application, by comparing the performance of another alloy in the 
standard test to that alloy’s performance in the application of interest. 
Because it is impossible to make quantitative determination of the relation-
ship between the severity of the standard test environment and the service 
environment, this is not a predictive technique. The critical temperature for 
pitting is typically higher than for crevice corrosion.

Depassivation pH (pHD)

Depassivation pH is the pH value at which passivity is lost and the alloy 
exhibits an active polarization curve. According to a mechanism of crevice 
corrosion, originally proposed by Galvele (1976), the electrolyte composi-
tion inside a pit or a crevice becomes acidic due to the hydrolysis of the 
metal ions according to reactions such as that shown in Equation [21.13]:

Fe2+ + 2H2O = Fe(OH)2 + 2H+ [21.13]

At a critical pH known as the pHD, crevice corrosion initiates due to depas-
sivation of the oxide fi lm in the crevice. The pHD value has been shown to 
be dependent on the alloy content (Okayama et al., 1987) and therefore 
could be used as a predictive method for localized corrosion. The main 
limitation of this method is that crevice corrosion initiation may not be 
preceded by a critical pH, but may be succeeded by it (Sridhar and Dunn, 
1994).
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Critical crevice geometry

The rate of acidifi cation of the crevice and therefore the time to initiate 
crevice corrosion is a function of crevice gap and length. The crevice geom-
etry essentially controls the rate of accumulation of dissolved cationic and 
anionic species. Galvele (1976) originally proposed the parameter, x · i, 
where ‘x’ is the pit depth and ‘i’ is the current density, as a critical parameter 
that determines pitting or crevice corrosion initiation. Variations of this 
type of approach have been evaluated by Pride et al. (1994).

21.2.5 Statistical approaches to predicting 
localized corrosion

It has been long recognized that localized corrosion is a stochastic process 
and needs a statistical treatment to predict its initiation and growth. A his-
torical background for the statistical treatment of localized corrosion has 
been provided by Shibata (1996). In the initiation stage, the initiation 
potential for pitting as well as for crevice corrosion (see Chapter 2 for more 
details) can vary by as much as several hundred millivolts depending on the 
number of specimens tested even under apparently identical conditions 
(Fig. 21.5). This distribution of pit initiation potential can be understood 
by considering pit initiation as a dynamic event consisting of both nucle-
ation and repassivation of small pit nuclei. The change in the probability 
of pit initiation with time is given by Equation [21.14]

d
d
P t

t
P t P t

( )
= − ( ) + − ( )( )λ µ 1  [21.14]

where P is the probability of pit nucleation, l is the pit generation rate, and 
m is the pit repassivation rate. In this approach, the observed pit initiation 
potential depends on the potential dependence of l and m. The probability 
of pit nucleation in Equation [21.14] has also been called the survival prob-
ability, i.e. the probability of the specimen without any pits. The parameters 
l and m are obtained from experimental measurements of pit nucleation. 
For example, if N samples are tested at a constant potential, then the 
survival probability is given by

P t
n

N
( ) = −

+( )1
1

 [21.15]

where n is the number of specimens that showed pitting at any given time 
and applied potential and N is the total number of specimens tested 
(Shibata and Takayama, 1977). The survival probability plotted as a func-
tion of applied potential is shown in Fig. 21.6. From the survival probability 
versus time curve, using Equation [21.14], the pit generation rate, 
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repassivation rate, and induction time can be derived through curve fi tting 
(Shibata, 1996). A similar approach was used by Kehler et al. (2001) for 
crevice corrosion. Although the statistical treatment of pit nucleation and 
stabilization has validity and support from experimental observations, the 
use of such an approach to prognostication is not clear. For example, the 
pit generation and repassivation rates, l and m, are derived from relatively 
short-term experiments and their dependence on time or potential over 
long time periods cannot be derived from these experiments. Mechanistic 
models to deal with this limitation have been proposed and will be 
discussed later (Macdonald and Urquidi-Macdonald, 1992; Williams et al., 
1985).

21.5 Distribution of pit initiation potentials of type 304 stainless steel 
in 3.5 weight percent NaCl at 303K (Shibata, 1996). The potential 
sweep rate was 0.33 mV/s. Lines (g) and (f) are results from a round-
robin test conducted by the Japanese Society of Corrosion Engineers. 
Line (e) was obtained using a multichannel pit initiation measurement 
system described by Shibata and Takayama (1977). Line (b) was 
obtained by Shibata (1996).
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Statistical methods have also been used to predict pit growth rates in 
large structures by the use of Extreme Value methods (Shibata, 1996). The 
General Extreme Value (GEV) distribution has the form:

F x k
x u k

( ) = − − −( )exp 1

1

α
 [21.16]

where x is the reduced variable, and k, u, and a are the shape, location, and 
scale parameters, respectively. For k = 0, Equation [21.16] reduces to Type 
I distribution (also called Gumbel distribution):

F x
x u

( ) = − −( )( )exp exp
α

 [21.17]

For k < 0, Equation [21.16] becomes Type 2 extreme value distribution 
(Cauchy’s distribution)

F(x) = exp(−x−k) [21.18]
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21.6 Survival probability of Type 304 stainless steel in 3.5% NaCl at 
308K at constant applied potentials (Shibata and Takayama, 1977).
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And for k > 0, Equation [21.16] reduces to Type 3 extreme value (Weibull) 
distribution:

F(x) = exp(−(w − x)k) [21.19]

Typically, experimental data are used to determine the type of extreme 
value statistical distribution to be used. The important property of the 
extreme value statistical distribution is the scaling of the maximum pit 
depth with surface area exposed, assuming otherwise identical exposure 
conditions (Shibata, 1996). For example in Type 1 (Gumbel) distribution, 
the pit depth for a surface area ‘T’ times larger than the test surface area, 
the distribution of pit depth is given by:

F x F x
x u T

T
T( ) = ( )( ) = − − − − ( )( )



( )exp exp

α
α

ln  [21.20]

In Equation [21.20], the location parameter ‘u’ is displaced by the 
logarithm of the area ratio. In determining the parameters, the sample 
area is divided into identical areas or a number of small samples are 
exposed simultaneously to the same conditions and for each area the 
deepest pit is determined. These deepest pits can then be rank ordered 
and the appropriate parameters determined using the procedures 
described by Shibata (1996). An important assumption in the GEV 
distribution discussed by Shibata is that the probability of pitting is not 
spatially correlated, i.e. the probability of observing pits of certain 
depths at one location is completely independent of their probability 
at another location. This essentially means that the environment, metal-
lurgy and operating conditions are identical throughout the spatial 
extent of a system (e.g., a pipeline). This is seldom the case. For 
example, in pipelines, it is more probable to encounter pitting at points 
near the location where pits were originally observed (i.e. positive 
correlation of pitting). The methods to handle spatial correlations in 
estimating maximum pit depths and uncertainties in the estimation are 
discussed by Martinsek (2003).

While the extreme value statistical approaches provide a means to 
extrapolate the deepest pit in terms of area exposed (for example 
extrapolating from a lab sample to a pipeline), the time dependence 
is assumed or derived from short-term tests. Second, even area extra-
polation assumes that the exposure conditions and mechanism are 
identical for all samples and that the neighboring pits on a sample 
are not correlated. Both these assumptions are suspect in many cases. 
It should be noted that the multielectrode array sensor (see Chapter 
8 for more details) readings can be subjected to extreme value statisti-
cal analysis.
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21.2.6 Artifi cial Neural Network type models

Artifi cial Neural Network models are best used when there is a signifi cant 
body of experimental data, but no coherent theoretical framework exists 
to develop predictive relationships. An overall approach of this type of 
model is shown in Fig. 21.7 (Hernandez et al., 2006; Kumar and Buchheit, 
2004). The model consists of several input values connected to hidden 
nodes through weighing factors. The hidden nodes sum the input values 
using weighing factors that are determined during the training step. The 
weighing factors imitate the strength of the neural connections. Each hidden 
node can be biased by an activating signal such that it produces an output 
only if the sum of the input signals exceeds a pre-set threshold condition. 
A typical activating signal has the sigmoidal form shown in Equation 
[21.21]:

Oj input j
=

+ − +( )
1

1 exp ∑ θ  [21.21]

21.7 Artifi cial Neural Network modeling approach. A physical model 
block has been added to indicate that the typical ANN approach can 
be augmented through the use of physical models.
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where Oj is the output of the jth node and qj is the threshold value of the 
jth node for output. The output of the hidden nodes may also be condi-
tioned by a non-linear function to provide limits on output values. The 
hidden nodes (there may be several layers of the hidden nodes) form the 
black box of the model. The major use of neural network modeling has 
been in identifying trends and relationships in complex data sets that 
depend on a number of parameters. Although such relationships can also 
be established using well-designed statistical experimental approaches, 
neural network modeling can elicit trends in data even when experimental 
data sets are not part of a well-designed study or when data sets from a 
number of sources are used. For example, Kumar and Buchheit (2004) used 
such an approach to extract parameters from short-term electrochemical 
impedance data to predict longer-term behavior in salt spray tests. Nor and 
Cottis (2004) used a neural network model to reconstruct polarization 
curves of steel in chloride solutions. The limitation of neural network mod-
eling is that it is correlative, not predictive, i.e. there is no element in the 
model that will enable one to extrapolate the data to future time periods. 
Short-term data can be correlated to long-term behaviors, as seen in Kumar 
and Buchheit (2004), but such correlation depends on the availability of 
longer-term data and is constrained by the available data, since that data 
is used to train the model.

21.2.7 Expert systems

Expert systems are conceptually similar to semi-empirical correlations and 
may include several individual correlations that cover various physical 
aspects of the process in addition to electrochemical corrosion (e.g., multi-
phase fl ow effects). They also may include facilities for recommending 
materials for service in the presence of target environments. For example, 
the Materials Technology Institute of the Chemical Process Industries 
(MTI) has developed a series of expert system advisors to select process 
equipment materials for service in the most common hazardous chemicals 
(the CHEM*COR modules). These models address selected single-compo-
nent process environments. Several expert systems have been developed 
for CO2 corrosion of carbon steels (Srinivasan and Kane, 1996; Garber 
et al., 1994; Bonis and Crolet, 1989; and Zhang et al., 1997). While the expert 
systems are valuable because they incorporate the plant experience in 
realistic systems, they are limited by the inability to reliably extrapolate 
beyond the experience base.

21.3 Mechanistic (physics-based) models

Some have referred to the mechanistic or physics-based models as ‘deter-
ministic models’ (Macdonald and Urquidi-Macdonald, 1992). Despite 
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historical precedence, such a terminology can be confusing because deter-
ministic models also often refer to models (whether empirical or mechanis-
tic) that produce a single-valued output (e.g., failure time) for a set of input 
parameters, in contraposition with ‘probabilistic models’ which produce a 
distributed output (e.g., cumulative probability of failure) for a set of dis-
tributed inputs. Therefore, in this section, they are referred to as mecha-
nistic or physics-based models, although they are mostly chemical and 
electrochemical models! These models embody basic physical laws to 
varying degrees, both explicitly and implicitly.

One such basic law is mass conservation, which is written in differential 
form as (Lichtner, 1996):

∂
∂
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e

i
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e
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jm
e
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m
jm j( ) + ⋅ +( ) = − − −  [21.22]

Where p is the porosity, v is the stoichiometric coeffi cient, Ie is the electro-
chemical reaction rate, and Ij is the non-electrochemical reaction rate. The 
generalized concentration, y j, is given in terms of the primary species, Cj, 
and secondary species, Ci, by

Ψ ν∑j j
i

ji iC C= +  [21.23]

The primary and secondary species arise in Equation [21.23] because there 
is an essentially instantaneous equilibrium reaction between some species 
that needs to be considered. The secondary species in Equation [21.23] can 
be solved using matrix methods for a general system involving a number 
of species in equilibrium. The diffusive fl ux, Wd

j , is given by

Ω ∇ ν∑j
d

j j
i

ji i ip D C DC= − ⋅ +( )( )  [21.24]

The electromigration fl ux, W e
j  is given by
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e
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ji i i ip D C z DC z
F

RT
= − +( ) ⋅  [21.25]

Note that the F in Equation [21.25] is the potential in solution, not the 
potential difference between the metal and solution, although it may be 
related to the latter. Another fundamental law is charge conservation (in 
reality, the charge conservation law is a simplifi ed form of Poisson’s equa-
tion for charge at a point) given by:

∑ Ψ
j

j jz = 0  [21.26]

Combining these equations and applying various simplifi cations can lead to 
other well-known electrochemical principles. For example, if we multiply 
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the two sides of Equation [21.22] by Zj and combine it with Equation 
[21.26], we obtain,
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Note that in Equation [21.27], the right hand side involves only electro-
chemical reaction rates multiplied by the net charge involved in each reac-
tion. In the absence of concentration gradients in the solution, one obtains 
from Equation [21.27], the well-known relationship between the sum of 
anodic and cathodic currents that forms the basis for predicting mixed 
potentials:
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21.3.1 Thermodynamic models

A fundamental natural law governing corrosion reactions is the thermody-
namic relationship of half-cell potential to the activity of species involved 
in the electrochemical reactions, as defi ned by the Nernst equation:

DG = zFE0 [21.29]

where DG is the free-energy change corresponding to the half-cell reac-
tion, z is the charge involved, F is the Faraday’s constant, and E0 is the 
equilibrium half-cell potential. The free energy change is given by
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 [21.30]

where DG0 is the standard-state partial Gibbs free energy, mi and mj are 
the concentrations in molality (or other desirable units) of oxidized and 
reduced species, respectively, and g i and g j are their activity coeffi cients. In 
the classic Pourbaix diagrams, highly dilute solutions are considered and 
therefore, the activity coeffi cients are all considered to be equal to 1. In 
concentrated solutions, such simplifi cations cannot be made. However, 
recent advances in electrolyte speciation models have provided sophisti-
cated tools to model the electrochemical potentials of metals and alloys in 
electrolytes over a wide concentration range (Rafal et al., 1994; Anderko 
et al., 2002). In addition to representing the thermodynamic regions of 
stability of various species in the form of potential–pH diagram, other 
types of stability diagrams (potential–chloride, species–species, etc.) can 
be constructed.

Pourbaix (1974) used the potential–pH diagram to identify regions of 
localized corrosion. Staehle (2000) and Parkins (1990) have used Pourbaix 
diagrams to delineate regions of SCC of iron, stainless steels, and Ni-base 
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alloys in various applications. An example of the use of Pourbaix diagram 
to delineate various regions of SCC of a Ni-base alloy, alloy 600, in the 
secondary side of a steam generator is shown in Fig. 21.8 (Staehle and 
Gorman, 2004). Secondary side stress corrosion cracking in steam genera-
tors predominantly occurs in crevices between tubes and tube-supports, 
tube sheets, or sludge formed on tube sheet. Many different types of SCC 
have been identifi ed in the fi eld and the authors assembled the extremely 
diverse range of observations into a Pourbaix diagram. They also used the 
Pourbaix diagram to explain the effectiveness of various mitigation treat-
ments and to identify potentially new cracking modes. The major limitations 
of this approach are: (a) the thermodynamic diagrams used are for pure 
metals, not alloys; (b) in most crevice situations in steam generators high 
concentrations of salts are present due to evaporation that is not properly 
considered by Pourbaix diagrams; and (c) these diagrams provide a context 
for SCC to occur, not the rates of SCC.

In SCC or localized corrosion occurring in highly concentrated aqueous 
systems or in essentially non-aqueous systems, Pourbaix diagrams devel-
oped for dilute aqueous environments are not valid. Thermodynamic 
models of mixed solvent electrolytes (Anderko et al., 2002) provide the 
means to visualize the domains of corrosion in such systems. An example 
of a potential–pH diagram for Fe in ethanol containing 100 ppm water is 
shown in Fig. 21.9 (Sridhar et al., 2006). In this case, the SCC of steel in 
fuel-grade ethanol was studied using slow strain rate test method under 
different redox conditions induced by varying the aeration and ethanol 
source. SCC was found only when the potential was within a certain range 
(noted in Fig. 21.9). The ranges of potential and pH for SCC noted in Fig. 
21.9 are approximate because the upper end of the potential for SCC has 
not been defi ned completely and the equilibrium pH conditions for such 
systems are not easy to measure. Nevertheless, this diagram shows that SCC 
in this system occurs in the stability region of iron oxides, suggesting that 
perhaps a localized dissolution of an oxide fi lm may be responsible for 
SCC.

Although thermodynamic diagrams provide the constraints and context 
under which potential corrosion modes could occur in a given application, 
they suffer from the following major limitations:

1.  They represent equilibrium, not kinetically determined conditions. 
Therefore, they provide no means to prognosticate corrosion.

2.  They ignore the effects of microstructure, mechanical loading, and fl uid 
fl ow.

3.  The choice of a particular diagram (potential–pH or potential–chloride) 
to represent failure modes is arbitrary. In the case of iron, the passivity 
is marginal and is sensitive to pH, therefore, potential–pH is perhaps an 



21.8 (a) Major submodes of SCC plotted with respect to coordinates 
of potential for signifi cant reactions of Ni and Fe at 300 °C. Extent of 
the submodes based on experience from laboratories and reasonable 
interpolations and extrapolations. Submodes applicable to Alloy 
600MA (Mill Annealed) in the range from 300 °C to 350 °C. Diagram 
calculated based on a 0.01 M Na2SO4 titrant. (b) Minor submodes of 
SCC for Alloy 600MA plotted with respect mainly to the NiO/Ni half-
cell equilibrium at 300 °C (Staehle and Gorman, 2004).
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adequate representation of various corrosion regimes. However, for 
stainless steels, potential–chloride or temperature–chloride, or cationic 
species–anionic species diagrams may all be appropriate depending on 
the corrosion phenomenon under consideration. The choice of which 
diagram to use is not always clear a priori.

21.3.2 General corrosion models

Most fundamental models of general corrosion rely on the relationship 
between potential and current density. In the case of an electrochemical 
reaction subject to transport limitation, a generalized Butler–Volmer kinetic 
relationship can be written as:
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 [21.31]

where Pml is the prefactor consisting of concentrations of species considered 
to affect the kinetics (e.g. halides that increase anodic dissolution rate), rlim 
is the limiting rate of reaction, am and bm are transfer coeffi cients, and the 
dimensionless overpotential is defi ned as
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21.9 Potential–pH diagram of Fe in ethanol containing 400 ppm water 
at 25 °C. The rectangular box indicates the approximate potential and 
pH ranges in which SCC has been observed (Sridhar et al., 2006).
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ηm
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m
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RT
E E= −( ) [21.32]

where nm is the number of electrons involved in the reaction, F is the 
Faraday constant, R is the gas constant, T is the absolute temperature, E 
is the potential at any spatiotemporal point, and E

m
eq is the equilibrium 

potential that is dependent on the concentrations of species involved in the 
electrochemical reaction. Kinetic equations, such as Equation [21.31], can 
be written both for anodic dissolution and cathodic reduction reactions. 
Then, the corrosion potential is determined using Equation [21.28]. At 
potentials suffi ciently anodic to the reversible equilibrium potential, and if 
transport limitation is not an important factor, Equation [21.31] reduces to 
the Tafel relationship:

i i
nF E E

RT
a a

a m
eq

= −( )





0 exp
α  [21.33]

The active–passive transition is introduced into the electrochemical 
model by considering a current that leads to the formation of a passive layer 
in addition to the current that leads to active dissolution. At any instant, a 
certain fraction of the surface qP is assumed to be covered by a passive layer. 
The change of the passive layer coverage fraction with time is expressed as 
(Anderko et al., 2001)

∂θ
∂

θ θP

E a
MeO P P

t
ci K

i
( ) = −( ) −

,
1  [21.34]

where iMeO is the current density that contributes to the formation of a 
passive layer. The second term on the right-hand side of Equation [21.33] 
represents the rate of dissolution of the passive layer, which is proportional 
to the coverage fraction. Solution of this equation in the steady-state limit 
yields an expression for the anodic dissolution current:

i
i i

ci
K

i i
i
i

Me TOT
Me MeO

MeO

Me MeO

MeO

P

, = +

+
= +

+1 1

 [21.35]

where iMe is the dissolution current density in the active state (Equation 
[21.33]), the parameters c and K are proportionality constants for the 
formation and dissolution of the passive fi lm, respectively. The ratio 
ip = c/K constitutes the passive current density. For calculating the cor-
rosion potential of passive alloys, the quantitative modeling of passive 
dissolution is of primary importance. In the absence of specifi c active 
ions, the passive current density depends primarily on the pH of the 
solution.
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For acidic solutions, Anderko and Young (2000) considered a dissolution 
reaction between the passive oxide/hydroxide surface layers and protons 
from the solution, i.e.

≡  MeOa(OH)b + (2a + b − x)H+ = Me(OH)x 
(2a+b−x)+ 

+ (a + b − x)H2O [21.36]

where the symbol ‘≡’ denotes surface species. The corresponding kinetic 
equation is

ip,H
+ = kH

+a*
H
s + [21.37]

where a*
H
s + denotes the surface concentration of hydrogen ions and s is a 

reaction order, which is not necessarily related to the stoichiometric coef-
fi cient in the dissolution reaction. In neutral solutions, the predominant 
dissolution reaction is:

≡ MeOa(OH)b + aH2O = Me(OH)0
(2a+b),aq [21.38]

where the predominant species on the right-hand side of Equation [21.38] 
is a neutral complex as indicated by the superscript 0. The corresponding 
kinetic equation is:

ip,H2O = kH2Oa*
H
u

2O [21.39]

where the reaction order with respect to water indicates that dissolution 
may be affected by water activity. Similarly, the predominant reaction in 
alkaline solutions is

≡ MeOa(OH)b + (x − 2a − b)OH− + aH2O = Me(OH)x
(x−2a−b)− [21.40]

with a corresponding kinetic equation given by

ip,OH
− = kOH

−a*
O
v 
H

− [21.41]

The total passive current density as a function of pH is given by

ip = ip,H
+ + ip,H2O + ip,OH

− [21.42]

An example of the various component (partial) polarization curves in 
sulfate-nitrate environment and the composite polarization curve is shown 
in Fig. 21.10 (Anderko et al., 2005a). The corresponding calculation of 
corrosion rate is shown in Fig. 21.11 (Anderko et al., 2005a). Although 
the above model is phenomenological (i.e. it does not describe in detail 
the atomic processes occurring in the passive fi lm), its main advantage lies 
in its ability to model a wide range of environments and alloy systems. 
Although the general corrosion model described in Equations [21.31]–
[21.42] for active–passive metals provides a fundamentally sound method 
for predicting the general corrosion of alloys in complex chemical environ-
ments, it cannot predict the time evolution of the corrosion rate. The time 
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21.10 Calculated current density – potential relationship for alloy C-22 
in a 0.5 M NO3

− − 0.5 M SO4
2− solution with pH = 0 (upper diagram) and 

pH = 3 (lower diagram). In both cases, the dissolved oxygen 
concentration is 1.2 ppm. Partial electrochemical processes are shown 
as dotted lines and labeled with numbers, which are explained in the 
legend (Anderko et al., 2005).

0.2

–0.4

0.8

1.4

2

–2 –1
–1

–4 –3 0 1 2 3

5 3 1 4 2

4

7

7

6

6

log(i) [A/m2]

–2 –1–4 –3 0 1 2

2

3

3 5 4 1

4
log(i) [A/m2]

E
 (

S
H

E
)

0.2

–0.4

0.8

1.4

2

–1

E
 (

S
H

E
)

1: H(+) = 0.5H2 – e
2: H2O = 0.5H2+OH(–) – e
3: O2+4H(+) = 2H2O – 4e
4: NO3(–)+wH(+) = NOx+yH2O – ze
5: HNO3+wH(+) = NOx+yH2O – ze
6: C-22 = {Ni,Cr,Mo,W}(x+)+xe
7: Cr2O3+5H2O = 2CrO4(2–)+10H(+)+8e



 Models for predicting corrosion 523

evolution of passive dissolution was modeled by Pensado et al. (2003), 
adapting the point defect model developed by Macdonald and his group 
(Macdonald, 1992). In this model, the assumption is made that passive dis-
solution occurs through the transport of cationic or anionic point defects 
in the oxide fi lm under an applied potential. The various reaction steps 
leading to the dissolution of Ni, Cr and Mo in UNS N06022 (a Ni-22Wt%Cr-
13Wt%Mo alloy) are illustrated in Fig. 21.12 (Pensado et al., 2003). Based 
on these reactions, the overall passive current density was derived as:

ip ≈ F[χ aCr(k1
Cr + k3

Cr) + daNi(k1
Ni + k3

Ni + xaMo k1
Mo] [21.43]

where aCr, aNi and aMo are the atomic fractions at the metal–fi lm interface 
and the kinetic parameters, k1 and k3 are associated with interstitial and 
oxygen vacancy transport, respectively. Since injection of interstitials into 
the fi lm from the metal would create vacancies in the metal to preserve 
charge transfer, the resulting decrease in the concentration of Cr, Ni, and 
Mo at the metal–fi lm interface would cause a decrease in passive current 
density (Equation [21.43]). Thus, the model would predict that the time 
evolution of passive current density is related to the transport and annihila-
tion of these vacancies in the metal. The results of the numerical calculation 
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21.11 Calculated and experimental corrosion potentials of alloy 22 as 
a function of pH in nitrate solutions with a total nitrate concentration 
of 0.5 M. Two different concentrations of dissolved oxygen (1.2 ppm 
and 0.12 ppm) have been assumed in the calculations (Anderko et al., 
2005).
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are compared to the measured range of passive current density for alloy 
UNS N06022 (Fig. 21.13).

21.3.3 Models of localized corrosion

In this section, pitting and crevice corrosion are treated together. The 
stochastic nature of pitting has already been discussed. However, the 
stochastic models treat pit nucleation phenomenologically, describing 
them in terms of pit generation and repassivation rate. The point defect 
model (PDM) mentioned above has been used to model pit initiation by 
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21.12 Various reactions involved in the passive dissolution of a Ni-Cr-
Mo alloy. For simplicity, the passive fi lm is shown as a single layer. In 
reality, multi-layer fi lm may be present with an inner non-porous and 
outer porous layer, but the non-porous layer resembling chromium 
oxide is expected to govern the overall passive dissolution rate. y = 
[Ni]/[Ni] + [Cr], where [Ni] and [Cr] are nickel and chromium fractions 
in the passive fi lm–solution interface (Pensado et al., 2003). Vm is 
metal vacancy, VCr is cation vacancy for Cr, VO is anion vacancy.
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considering the transport of cation vacancies in the passive fi lm toward 
the fi lm–metal interface, where they condense to form voids or nascent 
pits. The PDM treats the transport of cation vacancies using Equations 
[21.31] and [21.32]. The effect of an aggressive species, such as chloride, 
is to alter the generation and transport of cation vacancies and thus the 
model successfully predicts the logarithmic dependency of pit initiation 
potential on chloride concentration and the effects of some alloying 
elements. The model does not differentiate between metastable pit nucle-
ation events and pit stabilization. The latter phenomenon involves the 
evolution of local solution chemistry within the nucleated pit (Burstein 
et al., 2004).

A different approach to modeling localized corrosion relies on predicting 
the evolution of chemistry inside pits and crevices. As mentioned in Section 
21.2.4, the generation and hydrolysis of cations in the pit solution leads to 
acidifi cation that can result in depassivation. Therefore, the pit/crevice 
chemistry models (e.g., Oldfi eld and Sutton, 1978; Gravano and Galvele, 
1984; Sharland and Tasker, 1988; Watson and Postlethwaite, 1990; Walton 
et al., 1996) attempt to compute the time evolution of pit chemistry using 
Equations [21.31] and [21.32] or variants of these equations constrained by 
suitable boundary conditions. The initiation time for pitting or crevice cor-
rosion is the time required for the pH inside the pit to reach the depassiv-
ation pH. However, these models have not been successful in predicting 

21.13 Anodic passive current density of alloy 22 versus time in a 
solution containing 1000 ppm chloride plus 1000 ppm sulfate – 
modeling versus experiments (Pensado et al., 2003).

95th percentile

5th percentile

Simulation

Time, sec
200000

2×10–9

4×10–9

6×10–9

8×10–9

1×10–8

1.2×10–8

A cm–2

400000 600000 800000 1×106 1.2×106



526 Techniques for corrosion monitoring

the long-term pit or crevice corrosion initiation. It is well established that 
when the potential is only slightly above the repassivation potential, the 
initiation time for stable crevice or pitting is extremely long (lasting months 
to years) (Dunn et al., 2000). However, the chemistry models usually predict 
a very short time to reach depassivation pH. Because, prior to initiation, 
the passive dissolution rate is independent of potential, these models would 
not predict the dependence of initiation time on potential, another major 
observation.

Anderko et al. (2004a, 2004b, 2005a, 2006) developed a general model of 
localized corrosion by adapting Okada’s irreversible thermodynamic model. 
This approach essentially divides the task of predicting localized corrosion 
into two parts: (a) calculating the corrosion potential; and (b) predicting 
the repassivation potential, also called the protection potential (see Chapter 
2 for more details). The repassivation potential (Erp) is a measure of the 
tendency of an alloy to undergo localized corrosion in a given environment. 
The underlying justifi cation for the use of Erp is the fact that, for engineer-
ing applications, only the fate of stable pits or crevice corrosion is impor-
tant. Pits that nucleate, but do not grow beyond an embryonic stage 
(metastable pits) do not adversely affect the performance of engineering 
structures. It has been shown in a previous paper (Dunn et al., 2000) that 
(a) Erp is the potential below which stable pitting or crevice corrosion does 
not occur and (b) it is relatively insensitive to prior pit depth and surface 
fi nish. The predicted repassivation is then compared to the corrosion poten-
tial (Ecorr) in the same environment to determine the alloy’s susceptibility 
to localized corrosion. The separation of localized corrosion modeling into 
two steps is valid as long as the initiation of stable localized corrosion is 
being considered because the corrosion potential is not affected at this stage 
by the localized corrosion processes and the interaction between pits can 
be ignored. However, such a separation is not valid once signifi cant pit or 
crevice corrosion growth occurs.

The concept is illustrated schematically in Fig. 21.14. For a given alloy, 
the Erp decreases with an increase in chloride concentration (cf. Fig. 21.14a). 
In the general case, the main regions of the Erp versus chloride concentra-
tion plot are a low-slope portion at high chloride concentrations and a 
high-slope portion at low concentrations. On the other hand, the corrosion 
potential is not a strong function of chloride concentration unless signifi cant 
localized corrosion occurs. The critical chloride concentration for localized 
corrosion is observed when Ecorr exceeds Erp (Fig. 21.14a). Similarly, for a 
given chloride concentration, a critical temperature exists (Fig. 21.14b). The 
repassivation potential is also strongly affected by the presence of inhibi-
tors. As shown in Fig. 21.14c, this gives rise to a critical inhibitor concentra-
tion. In many environments, the presence of oxidants may increase Ecorr, so 
that localized corrosion may occur beyond a critical concentration of redox 
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species (Fig. 21.14d). The actual conditions in a system may be a combina-
tion of the idealized cases shown in Fig. 21.14a–d.

The Ecorr is calculated using the model for general corrosion described 
in Section 21.3.2. The Erp is derived from fundamental equations that 
represent the electrochemistry of a metal in a localized corrosion environ-
ment. The metal (M) undergoes dissolution underneath a layer of concen-
trated metal halide solution MX. The concentrated solution may or may 
not be saturated with respect to a hydrous solid metal halide. The thick-
ness of the hydrous halide layer is assumed to be much smaller than the 
size of the pit so that the system may be regarded as one-dimensional. In 
the process of repassivation, a thin layer of oxide forms at the interface 
between the metal and the hydrous metal halide. The model assumes that, 
at a given instant, the oxide layer covers a certain fraction of the metal 
surface. This fraction increases as repassivation is approached. Further, the 

21.14 Schematic diagram of the effect of chloride ions (a), 
temperature (b), inhibitors (c), and oxidizing redox species (d) on the 
relative values of the repassivation potential (Erp) and corrosion 
potential (Ecorr). The shaded areas denote the ranges in which localized 
corrosion can be expected.
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model includes the effects of multiple aggressive and non-aggressive or 
inhibitive species, which are taken into account through a competitive 
adsorption scheme. The aggressive species form metal complexes, which 
dissolve in the active state. On the other hand, the inhibitive species and 
water contribute to the formation of oxides, which induce passivity. In 
general, the equations that describe these processes are complex and can 
be solved only numerically. However, a closed-form equation has been 
found in the limit of repassivation, i.e., when the current density reaches 
a predetermined low value irp (typically irp = 10−2 A/m2) and the fl uxes of 
metal ion become small and comparable to those for passive dissolution. 
This closed-form expression, which can be solved to calculate the 
repassivation potential, is given by:

1 1+ −





′′



 ( ) =

′′
∑ ∑θ

ξ
θ

k

rp

p

k

rp
k
n k rp

j

j

rp

i
i

l
i

FE
RT

k
i

k exp jj
n j rpj FE

RT
exp

α( )  [21.44]

where Erp is the repassivation potential, ip is the passive current density, T 
is the temperature, R is the gas constant and F is the Faraday’s constant. 
The summation on the right-hand side of Equation [21.44] is performed 
over all aggressive species (j) and the summation on the left-hand side 
pertains to water molecules and inhibitive species (k).

The partial coverage fraction of a species j is related to the activity of 
this species in the bulk solution by

θ
∑j

j j

k
k k

r a
r a

=
+1  [21.45]

Equation [21.44] contains the following parameters:

1.  Scaled rate constant for aggressive ions, which can be expressed using 
a scaled Gibbs energy of activation Dg≠

A,j:

k
k
i

g
RT

j
j

rp

A j=
′′

= −





≠

exp ,∆
 [21.46]

2.  Scaled rate constant for inhibitive species, which is also expressed using 
a scaled Gibbs energy of activation Dg≠

Ik:

i
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= −





≠

1 exp ,∆
 [21.47]

3.  Reaction orders with respect to aggressive ions, nj, and those with 
respect to inhibitive species, nk. The latter quantities are assigned a 
default value of one for simplicity.

4.  Electrochemical transfer coeffi cients for the inhibitive species, xk.
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5.  Scaled Gibbs energy of adsorption DGads,i, which defi nes the adsorption 
coeffi cient in Equation [21.45]:

r
G
RT

j
ads j= −( )exp ,∆  [21.48]

The latter property can be assigned a common default value for the 
majority of species.

The scaled Gibbs energies of activation may be further related to tem-
perature as
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for water and inhibitive species. For simplicity, the electrochemical transfer 
coeffi cients for aggressive species (aj) are assumed to be equal to one. The 
parameters of the repassivation potential model are typically determined 
as follows:

1.  Since Erp data are most abundant for chloride solutions, the scaled rate 
constant for the chloride ions (Dg≠

A,Cl), reaction order with respect to 
chlorides (nCl), scaled rate constant for water (Dg≠

I,H2O), and electro-
chemical transfer coeffi cient for water (xH2O) are determined based on 
data for chloride solutions. As discussed by Anderko et al. (2004b), this 
procedure can be simplifi ed by the fact that the nCl and xH2O parameters 
have universal values for Fe-Ni-Cr-Mo-W alloys and do not need to be 
individually determined. If the temperature range of the data is suffi -
cient to establish the temperature dependence, Dh≠

A,Cl and Dh≠
I,H2O may 

also be determined.
2.  The Dg≠

A,j and, if necessary, nj parameters are determined for other 
aggressive species j (e.g., bromide ions) using Erp data for either pure 
or mixed solutions containing such ions.

3.  The Dg≠
I,k parameters for inhibitive ions k are determined on the basis 

of data for mixed solutions containing chlorides and inhibitors. Data for 
mixed systems are necessary because Erp is undefi ned in solutions con-
taining only inhibitors. If necessary, the activation enthalpy Dh≠

I,k is 
also determined to reproduce the temperature dependence of the 
inhibition effect.

These parameters are listed for type 316L stainless steel (UNS S31603) 
in Table 21.2. Fig. 21.15 shows the calculated and experimental repassivation 
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potentials for type 316L stainless steel, alloy AL-6XN (UNS N08367) and 
alloy C-276 (N10276) in chloride solutions (Anderko et al., 2004a). As 
shown in this Figure, the slope of the repassivation potential changes as a 
function of chloride activity. This is a general phenomenon for alloys. 
However, the transition between the low-slope and high-slope segments of 
the curves strongly depends on the alloy and temperature. For alloys, such 
as type 304L stainless steel (UNS S30403), the transition may occur at very 
low chloride concentrations and only a single logarithmic slope is generally 
reported. The low-slope portion of the curve at higher chloride activities is 
determined by the parameters that represent the dissolution of the metal 
through the formation of metal–chloride complexes (i.e., ∆g≠

A,Cl and nCl). 
The steeper portion at lower chloride concentrations is additionally deter-
mined by the parameters that represent the formation of the oxide through 
a reaction with water molecules (i.e., ∆g≠

I,H2O and xH2O). The slope of this 
segment increases with an increase in the parameter xH2O. Using these 
parameters, the model represents the data essentially within experimental 
uncertainty. The effect of an inhibitive species on Erp is shown in Fig. 21.16 
(Anderko et al., 2006).

As described above, the repassivation potential model has a limiting 
character, i.e., it accurately represents the state of the system in the repas-
sivation potential limit. In addition to the value of the repassivation poten-
tial, the model predicts the correct limiting slope of the current density 
versus potential relationship as the potential deviates from Erp (Anderko 
et al., 2004b). As discussed in a previous paper (Anderko et al., 2004b), the 
predicted slope is accurate in the limit of repassivation (i.e., for E → Erp). 
As the potential increasingly deviates from Erp, the predicted current density 
becomes progressively larger than the experimental values. In such cases, 
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the model provides an upper estimate for the current density for the propa-
gation of individual pits. The current density predicted by the model as a 
function of potential is given by
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Equation [21.51] reduces to Equation [21.44] for E = Erp and i = irp. Since 
Equation [21.51] is a limiting law, its accuracy gradually deteriorates as 
the potential increasingly deviates from Erp. Equation [21.51] cannot be 
regarded as a complete model for the propagation rate of an actively 
growing pit because it does not take into account factors such as the ohmic 
potential drop, diffusion limitations, etc. However, the current density pre-
dicted using Equation [21.51] for E > Erp is useful because it provides an 
estimate of the maximum propagation rate of an isolated pit as a function 
of potential. Such an upper estimate is particularly convenient because it 
relies only on parameters that have been calibrated using repassivation 
potential data. The measured and computed pitting rates are shown in 
Fig. 21.17 for three alloys in a chemical plant environment (Anderko et al., 
2005b).

The localized corrosion rate over the long-term depends on a number of 
factors including potential and chemical gradients, geometry of the pit or 
crevice, external potential, fl ow, and bulk chemistry. Solution of such a 
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complex problem under moving boundary conditions is a challenging 
undertaking. However, simplifi ed models have been developed for certain 
conditions (Engelhardt and Macdonald, 2004; Song and Sridhar, 2006a,b).

21.4 Future directions

This chapter described the different types of models available to the user 
interested in predicting or correlating the corrosion of metallic materials in 
various applications. It does not aim at comprehensiveness, since to do so 
would require a volume of its own. It is clear, however, that models of some 
sort will be needed to interpret monitoring results and to predict future 
health of the system. Models and monitoring can be used in one of three 
ways:

1.  Monitoring can provide input parameters to a model that then is 
used to predict future state of the system. These monitored parameters 
may be environmental conditions (pH, temperature, chloride, TOW, 
etc.) or they can be corrosion parameters (impedance, corrosion depth, 
etc.).

2.  Monitoring can provide verifi cation of the models that are then used 
to extrapolate beyond the measurement period. In this case, the moni-
tored parameters can be intermediate results of the modeling (e.g., 
corrosion potential) or predicted result (pit depth).

21.17 Comparison of experimental apparent pitting rates with 
calculated maximum rates of pit propagation for corrosion potentials 
obtained from short-term experiments (cf. Figure 21.5). The vertical 
bars show the range of predicted pitting rates when the corrosion 
potential varies from −0.20 V to −0.14 V (vs. SCE) and the temperature 
varies from 95 °C to 105 °C.
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3.  Monitoring can only be conducted at a few selected locations in a plant 
or fi eld system. Modeling can help operators to select the worst case 
locations to monitor and predict the material performance in other 
locations.

Although empirical models are unsatisfactory because they are only valid 
under limited conditions, the current state of understanding of corrosion 
processes as well as computational limitations mean that empirical models 
will continue to be developed and used. This does not mean that continued 
development of fundamental models needs to be abandoned. After all, 
fundamental models are being used to predict very complex phenomena 
such as climate and weather patterns, albeit with mixed success. Therefore, 
corrosion science and engineering may one day also evolve out of the 
patchwork quilt of models that exist today. In the mean time, the hope is 
that the fundamental models may serve as tools to conduct sensitivity 
analyses (i.e. identify which parameters in a given process are most impor-
tant so empirical modeling can focus on those parameters) and means to 
gain confi dence in the simplifi ed models that can be more amenable for 
practical implementation in the fi eld.

The continual increase in computational processing speeds and memory 
means that ever more complex numerical simulations can be performed 
to capture more of the physics of the system. In this regard, multi-scale 
modeling involving integrated modeling at different size scales (from 
molecular to macroscopic level) is getting greater recognition. Improved 
computers and miniaturization also means that predictive models, at least 
the abstracted models, can be installed in monitoring systems such that 
the user obtains ‘actionable intelligence’ from the monitoring tools. 
Finally, models are only as good as the input data that go into determin-
ing model parameters. Unfortunately, in today’s research climate, funda-
mental electrochemical data generation does not receive the necessary 
priority. It is hoped that as ISHM of corroding systems begin to be used 
widely, the need for augmenting the fundamental data base is recognized 
and fulfi lled.
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22.1 Introduction

Corrosion of engine exhaust components has been a concern since the 
reciprocating engine was developed. Exhaust system corrosion can occur 
via internal corrosion (a result of the exhaust gas chemistry and tempera-
tures inside the exhaust piping) or via exterior corrosion, whereby corro-
sion of the underbody materials such as the outer surfaces is caused by rock 
salt and chlorine. While both are important, we will only consider the topic 
of internal corrosion. During the early years of engine development, the 
corrosion rate of exhaust components was likely no greater than for other 
engine components, such as the block, cylinders, etc., since the overall life 
expectancy for engines was relatively short. However, as engines became 
more improved and reliable in robustness, special consideration was given 
to the engine and in particular the moving components. Since the exhaust 
components are not necessary to maintain engine (and hence, vehicle) 
operation, they did not receive equal attention to material improvements. 
However, as engine technology advanced and the powertrain components 
became more durable, corrosion of the exhaust system became more notice-
able. With the advent of muffl ers, and later three-way catalysts, the durabil-
ity of exhaust systems became a serious concern.

Over the course of automotive development there have been primarily 
two noteworthy aspects of corrosion associated with engine exhaust systems 
and both were related to the fuel chemistry. For gasoline engines prior to 
1986 corrosion was a serious concern. In fact, replacement of tailpipe and 
muffl er components was fairly common and whole industries were estab-
lished catering to periodic replacement of corroded exhaust (esp. muffl er 
and tailpipe) components. The reason for the high corrosion rates of exhaust 
systems was related to the lead additive used to improve the octane number 
of gasoline. In order to prevent lead buildup on cylinder walls and valve 
seats, lead was introduced into the fuel primarily as lead halides containing 
chlorine or bromine. The chlorine and bromine anions served to scavenge 
the lead atoms to prevent excessive surface accumulation. However, during 
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combustion, hydrochloric and hydrobromic acids were formed, and subse-
quently corroded the sparkplugs, cylinder liners and exhaust components.1 
Following the introduction of unleaded fuel into the automotive fuel market 
in 1986, the corrosion rate of mild steel exhaust components was dramati-
cally reduced.

Because corroded engine exhaust components are relatively inexpensive 
to replace, engine manufacturers historically paid little or no attention to 
exhaust corrosion. In contrast, the exhaust stacks of coal and oil burners 
are extremely costly and accordingly, a high level of research has been 
performed to understand the corrosion behavior of those systems.2–4

Recently, however, corrosion of diesel engine exhaust systems has 
become a serious concern.5–7 This concern is driven by the incorporation of 
exhaust gas recirculation (EGR) as a means of lowering NOx (or oxides of 
nitrogen, NO and NO2) emissions in order to meet US Environmental 
Protection Agency (USEPA) mandated limits. However, EGR has been 
shown to accelerate corrosion and wear in the intake manifold along with 
fouling in the EGR cooler. During EGR, a portion of the exhaust is recir-
culated back to the cylinder where the exhaust gas acts as a diluent to lower 
combustion temperature, thereby reducing the formation of NOx.8–10 Within 
the intake manifold, ambient conditions (such as temperature and humid-
ity) and coolant conditions are believed to play a critical role in the forma-
tion of highly corrosive acidic compounds, especially sulfuric acid and 
perhaps to a lesser extent nitric and acetic acids. EGR has been widely used 
in passenger car engines (diesel and gasoline) since the 1980s. However, 
these systems require only modest amounts of recirculated exhaust (and no 
cooling) to meet emission targets. In heavy-duty diesel engines, EGR was 
widely introduced in 2002 in North America to meet the 2.0 g/bhp-hr (2.7 g/
kWh) on-highway Tier 3 NOx emission standard.11

In order to meet the more stringent 2008 and 2010 NOx emission 
standards, very high levels of EGR are being considered. Very high levels 
of EGR (in excess of 40%) have been shown to push combustion to low 
temperature combustion regimes where both NOx and particulate matter 
(PM) emission levels are low. Since NOx production is directly related to 
combustion temperature, an EGR cooler is normally used to lower the 
exhaust gas temperature, thereby reducing NOx emissions by an additional 
10%. Cooled EGR is currently an area of intense study and high EGR 
strategies are expected to be used in diesel engines to assist in meeting even 
more stringent NOx and PM emission targets beginning in 2010.11 However, 
the incorporation of EGR is not without its drawbacks. The unburned 
hydrocarbons and PM from recirculated exhaust have been shown to build 
up on chilled surfaces (especially within the intake and cooler) causing 
airfl ow problems. This fouling also has the potential for causing premature 
engine wear and durability problems. Another area of concern is enhanced 
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corrosion resulting from the formation and condensation of sulfuric acid, 
which is the primary motivation for assessing corrosivity within EGR 
exhaust components. Recent efforts have shown that relative corrosivity 
(i.e. sulfuric acid concentration) formed in diesel exhaust condensate is a 
direct consequence of fuel sulfur concentration and subsequent condensa-
tion during low temperature operating conditions.6–7 This effect was 
mitigated by the utilization of diesel fuel having ultra-low sulfur content 
(<15 ppm). What is not known is the infl uence of catalysts to increase the 
concentrations of nitric and carboxylic acids. Another potential concern 
with the high EGR combustion is that the aldehyde emissions are four to 
fi ve times higher than for conventional combustion. This translates into high 
carboxylic acid concentrations (formic, acetic and benzoic) in the exhaust. 
Their concentrations in exhaust condensate have not yet been measured or 
modeled. Although these acid types are considered weak, they may con-
tribute to signifi cant corrosion problems over time.

Another area gaining interest is galvanic corrosion of new turbocharger 
housings. Once again this problem is related to the presence of condensate 
where two metals having dissimilar electrical potential undergo galvanic 
corrosion when condensation forms and is in contact with the two metals.

22.2 Reciprocating engine combustion and 

exhaust chemistry

22.2.1 The combustion process and factors affecting 
combustion

Reciprocating engines operate by converting the heat and pressure released 
during combustion of fuel mixed with air into mechanical energy. A sche-
matic depicting the process combined with EGR is shown in Fig. 22.1. Fuel 
is injected into the cylinder where it reacts with air entering from the intake 
manifold. The resulting exothermic reaction creates gases under high tem-
perature and pressure, which expand by driving the piston downward to 
produce rotational energy. During the upward exhaust stroke the gases exit 
the cylinder and enter the exhaust system. A schematic showing the intake 
and exhaust sections of a typical diesel engine is shown in Fig. 22.2. After 
leaving the exhaust manifold, a portion of the exhaust is directed through 
a heat exchanger (EGR cooler) to lower the recirculated exhaust tempera-
ture. The cooled exhaust is sent to the intake where it mixes with the com-
pressed air entering the manifold. The mixing region is darkened in the 
diagram.

The chemical composition of the exhaust products is primarily infl uenced 
by the fuel chemistry, fuel to air (F/A) ratio, and combustion temperature, 
with the F/A ratio being the most important.12 Typical transportation fuels, 
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whether gasoline or diesel, consist of a combination of paraffi n compounds 
and aromatic rings of varying chain lengths. Paraffi n and aromatic composi-
tion and concentration vary for fuel type but in general gasoline consists 
primarily of light hydrocarbon chains while diesel fuel is composed of 
heavier (longer) hydrocarbon chains and a signifi cant level of aromatic 
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22.2 Schematic showing optimal placement of coupon specimens 
within the recirculated exhaust of a diesel engine.
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compounds. The bulk of typical gasoline consists of hydrocarbons having 
between 5 and 12 carbon atoms per molecule. Diesel fuel on the other hand 
has between 10 and 15 carbon atoms per molecule. This molecule size is 
important since the fuel volatility greatly infl uences the combustion kinetics 
and, therefore, the products to a small degree. The fuel is injected into the 
combustion chamber and may or may not be premixed with air. The com-
bustion of the fuel in air mixture forms CO, CO2, NO, NO2, H2O, and 
unburned hydrocarbons (HC). If the mixture contains excess air, as in the 
case for diesel combustion, then O2 will also be present in the exhaust 
stream. Of these components, the most important are NO, CO2, and H2O. 
However, if there is sulfur present in the fuel (which is usually the case for 
diesel), then the sulfur will be oxidized during combustion to form SO2 and 
SO3.4,13–15 The concentration of the primary components is important since 
they are affected by the engine bulk combustion temperature and the 
equivalence ratio, which is a function of the fuel air mixture ratio. In general 
the exhaust gas composition for diesel and gasoline-based reciprocating 
engines is shown in Table 22.1.

As shown in Table 22.1 the primary exhaust gas species are CO2, H2O, 
N2, and in diesels O2 as well. Important minor constituents include unburned 
HC and CO. These species generally constitute about 99% of the exhaust 
from an engine. Since diesel fuels are mixtures of hydrocarbons of variable 
composition, a certain variability of the above carbon and hydrogen desig-
nations will be seen in real life samples.

22.2.2 Infl uence of operating variables on the combustion 
product formation

A number of factors affect the formation of combustion products, but the 
two most important are the fuel/air equivalence ratio and the combustion 
temperature (or bulk combustion temperature). It is important to note that 

Table 22.1 Concentration variability of combustion products in diesel and 
gasoline engines

Product of combustion Diesel Gasoline

N2 ~75% ~75%
O2   5–11% 0%
CO2   6–10%   8–15%
H2O   5–8%   5–12%
NOx 100–1000 ppm 100–1000 ppm
CO   0–100 ppm   0–100 ppm
HC   0–300 ppm   0–100 ppm
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the combustion fl ame temperature directly infl uences the bulk combustion 
temperature but, for brevity, is not included in this discussion. The fuel/air 
equivalence ratio (Φ) is the ratio of the actual F/A ratio to the stoichiomet-
ric F/A ratio. The stoichiometric F/A ratio relates the theoretical propor-
tions of fuel and air to completely oxidize all the fuel with no excess oxygen 
remaining. Therefore, when Φ < 1, then the mixture is fuel-lean and there 
will be oxygen in the exhaust (as is the case for diesel combustion). When 
Φ > 1, then the mixture is fuel-rich and there will be no residual oxygen 
present in the exhaust, but there will be carbon monoxide and unburned 
hydrocarbons present.12

Since EGR, engine speed and load all directly infl uence Φ, it is normally 
used as the parameter most often associated with combustion processes and 
exhaust chemistry. The other predominant factor is the combustion tem-
perature since it directly affects the rates of reactions between fuel and air. 
Low combustion temperatures mean lower oxidation reaction rates, thereby 
inhibiting complete oxidization of the fuel and resulting in excess oxygen 
and unburned hydrocarbons along with increased CO, even at stoichiomet-
ric proportions. Likewise, high combustion temperatures increase oxida-
tion of the fuel hydrocarbons and, for fuel-lean mixtures, increase the 
formation of oxides of nitrogen (especially NO). Because NOx compounds 
contribute to smog formation, engine NOx emission levels must meet strin-
gent limits set by the US EPA and other regulatory agencies.

22.2.3 Catalyst effects

Catalysts are introduced into engine exhausts to reduce the emissions of 
NOx, HC, CO, and also particulate matter. They are used on all automotive 
gasoline engines to convert NOx to elemental nitrogen, and are being 
evaluated for potential NOx and PM control on diesel engines. In general, 
NOx-reducing catalysts are most effective under reducing conditions where 
there is no oxygen present in the exhaust, otherwise they promote oxidation 
reactions. In gasoline-fueled engines the fuel/air mixture is maintained near 
stoichiometry to eliminate oxygen and promote NOx reduction while 
simultaneously oxidizing CO and HC. In diesel engines this approach is less 
feasible since diesels operate most effi ciently under lean conditions. The 
effects of catalysts to promote acid formation have not been well studied 
but it is theorized that catalysts (especially those used in PM control) will 
enhance the formation of oxides that will readily convert into acid 
compounds.

22.3 Formation of corrosive species

With the advent of cooled EGR in diesel engines, engine-induced exhaust 
corrosion has become a serious concern. Particularly worrisome for engine 
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manufacturers is the potential for severe engine damage caused by recir-
culating a portion of the exhaust back to the cylinders because diesel com-
bustion can form corrosive gases containing sulfur and nitrogen. With EGR 
these corrosive gases are returned to the intake manifold where ambient 
conditions (such as temperature and humidity) and coolant conditions are 
believed to play a critical role in the formation of highly corrosive acidic 
compounds, especially sulfuric acid. Corrosion studies on coal and oil 
burners have shown that the main cause of corrosion and fouling of low-
temperature oil-fi red power plant preheater elements is the condensation 
of sulfuric acid (H2SO4) and sulfurous acid (H2SO3) at concentrations of 
only a few ppm (by volume) combined with water in the fl ue gas.14–15

Theoretical analysis of EGR conditions and sulfuric acid formation has 
shown that nominal levels of fuel sulfur (such as contained within No. 2 
diesel fuel) could provide a highly corrosive situation for an engine equipped 
with cooled EGR.5–6 As a result, several studies were initiated to monitor 
corrosion behavior in the EGR section of a diesel engine. The initial focus 
for these efforts has been the formation and corrosivity associated with 
sulfuric acid. However, concerns have also been raised regarding the poten-
tial corrosivity associated with the formation of nitric and carboxylic 
acids.

22.3.1 Sulfuric acid formation

During the combustion of sulfur-bearing fuel with excess air, most of the 
sulfur is converted into gaseous SO2 or absorbed into the PM emissions. A 
small fraction is also converted into gaseous SO3 (5–6). Sulfuric acid is pri-
marily formed in diesel exhaust by a three-step process. In the fi rst step 
sulfur (present in the fuel) reacts with oxygen to form gaseous SO2. This 
reaction occurs during the combustion process. As the combustion products 
travel through the exhaust, SO2 reacts with oxygen form SO3 according to 
the following reaction:

2SO2 + O2 → 2SO3

This reaction proceeds slowly and the concentration of SO3 formed in the 
exhaust is theorized to be low (<10 ppm). However, the SO3 subsequently 
reacts with moisture in the exhaust to form highly corrosive sulfuric acid 
according to the following reaction:

2SO3 + H2O → H2SO4

Under typical exhaust conditions sulfuric acid will condense around 150 °C 
while water condensation will occur at temperatures close to 25–30 °C.5–6,16–17 
SO2 and SO3 have boiling points of −10 °C and 45 °C, respectively and both 
are stable if kept anhydrous and deoxygenated. In the presence of water 
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and oxygen, both will rapidly convert to sulfuric acid. Theoretically-based 
analysis by McKinley et al. indicated that a mixture of sulfuric acid and 
water will condense in the temperature range between 63 and 156 °C and 
that the concentration of acid in the condensate will be 60–80% by weight.6 
The McKinley study (6) was the fi rst to consider that condensation below 
the water dewpoint might be a larger concern since there will be signifi cant 
conversion of SO2 to H2SO4 with the onset of water condensation.

Although most of the sulfur emitted from diesel exhaust currently origi-
nates from the fuel, this may not be true in the near future. Beginning in 
2006, the sulfur concentration for on-highway diesel fuel used in the United 
States began phasing-in to levels at or below 15 ppm. When these regula-
tions are fully implemented, sulfur originating in the lubricant and atmo-
spheric sources will likely be the primary contributors. At this point corrosion 
may be driven primarily by nitric and carboxylic acid formation.

22.3.2 Nitric acid formation

An undetermined level of nitric acid is also formed in the engine exhaust. 
Here the relevant species is NO2 not NO, which normally makes up over 
90% of the generated NOx emissions. However, under lean conditions most 
catalysts will convert NO to NO2, especially urea-selective catalytic reduc-
tion (urea-SCR) and continuously regenerating traps-diesel particulate 
fi lter (CRTTM-DPF) systems which employ an oxidation catalyst to convert 
NO to NO2 to assist in PM and NOx reduction. Nitric acid is a strong acid, 
and in aqueous solution, it completely dissociates into the nitrate ion NO−

3 
and a hydrated proton, known as a hydronium ion, H3O+. Nitric acid will 
also form when the dewpoint temperature is reached inside the engine 
exhaust according the reaction:

2NO2 + H2O → 2HNO3

22.3.3 Carboxylic acids

Carboxylic acids are organic acids characterized by a carboxyl group 
(COOH). They are widespread in nature and are typically weak acids, 
meaning they can only dissociate into H+ cations and RCOO− anions in 
aqueous solutions. The presence of electronegative groups (such as OH− or 
Cl−) next to the carboxylic acid increases the acidity through inductive 
effects. In engine exhaust they are created through the complete oxidation 
of primary alcohols (methanol and ethanol may be present in exhaust under 
certain conditions) and aldehydes (which are frequently present in diesel 
and natural gas engine exhaust). The reaction with aldehyde is the one of 
most concern:
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RCOH + 1–2 O2 = RCOOH

Since catalysts may promote the oxidation of aldehydes, the presence of 
carboxylic acid may be a concern for exhaust components downstream of 
a catalyst.

22.4 Monitoring techniques

Corrosion monitoring of engine exhaust is relatively recent and as men-
tioned previously is driven by the incorporation of cooled EGR to reduce 
NOx emissions from reciprocating engines. In contrast, corrosion monitor-
ing in the exhaust stacks of coal and oil combustion burners is common-
place and widespread.13–15 This industry incorporates a number of methods 
to monitor and assess corrosion potential in the fl ue gas within the stack. 
They include measurement of the SO3 content in the fl ue gas via chemical 
analysis, measurement of the acid buildup using electrical conductivity 
methods, and direct measurement of mass-loss using electrical resistance 
(ER) based probes. In contrast, corrosion measurement within the engine 
exhaust has been limited primarily to gravimetric methods based on coupon 
exposures. More recent efforts have included ER probes and wet chemistry 
methodologies. Each of these methods has its advantages and disadvan-
tages and each is described below in detail.

22.4.1 Classical gravimetric method

The oldest and most traditional method of monitoring corrosion is to 
employ pre-weighed specimens composed of a metal alloy, frequently mild 
steel. For engine exhaust consideration, these will typically be composed 
of steel and aluminum alloys. The geometry of the coupons varies according 
to the test conditions but needs to be small enough to fi t inside the exhaust 
stream and inside the component of interest. In one study, mild steel coupon 
specimens (weighed to 0.1 mg accuracy) were placed at the airhorn position 
(A) and at exit of the heat exchanger (B) as shown in Fig. 22.2 of a heavy-
duty diesel engine.17 These sampling locations were chosen because the 
potential for corrosion at these points was considered relatively high. The 
engine was fueled with a 2004 No. 2 certifi cation fuel with a nominal sulfur 
content of ∼350 ppm. The temperature of the gas exiting the chiller was 
maintained near 60 °C, which is above the water dewpoint but below the 
temperature required for the condensation of sulfuric acid.

The corrosion rate is determined by measurement of the mass lost due 
to corrosion and/or erosion from the exposed coupon’s surface. This tech-
nique may necessitate very long exposure times to accurately assess a rate 
of corrosion. For engine experiments this means long exposure durations 
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in an engine test cell, which can be very expensive and time consuming. 
This method also requires careful specimen preparation and measurement 
of the mass, usually to within 0.01 g accuracy. A key advantage with this 
approach is that details of the microstructure can be ascertained and the 
precise nature of the corrosive effect can be determined. Structural fea-
tures, such as pitting, occlusions, spalling, and intergranular degradation 
can be directly observed. Another advantage is that the formation of cor-
rosive products can often be detected via electron microscopy techniques 
and spectrographic techniques such as diffuse infrared Fourier transform 
(DRIFT) spectroscopy.17

In the above-mentioned study, the coupons were removed after four 
hours of exposure.17 The surfaces of the specimens were relatively free of 
particulate matter but did appear to be slightly corroded. The corrosion 
rates were found to be very low (<10 mm/y) at both the EGR cooler exit 
and intake. This result indicates that the coupon measurements may not be 
the most effi cient method for determining corrosivity within engine exhaust 
during short periods of engine operation. In order to get a reliable measure-
ment, engine operating times approaching 100 hours are normally required. 
Note that corrosion may be a complex process incorporating PM and HC 
accumulation along with condensation and corrosion. In addition the cor-
rosion is likely not to be steady state but more transient in nature which 
would also require long exposure times.

The surfaces of the exposed coupons were scanned using DRIFT spec-
troscopy to determine the presence of possible corrosion products. The 
results shown in Fig. 22.3 revealed that the corrosion product, iron sulfate, 
was formed on the surface indicating that sulfuric acid was reacting with 
the mild steel coupon. Further DRIFT spectrographic analysis also observed 
that the surface chemistry of the specimen exposed in the intake differed 
from the specimen placed in the chiller exit.17

Preliminary studies have shown that the corrosion rates of exposed mild 
steel specimens are too low for this technique to be utilized to assess cor-
rosivity in a reasonable timeframe; however, this method provided impor-
tant information regarding possible corrosion mechanisms.

22.4.2 In-situ measurement of corrosivity using an electrical 
resistance-based probe

The utilization of an electrical resistance (ER) probe to elucidate corro-
sion behavior via corrosion rate measurement is a relatively recent applica-
tion of this technology. The driving force for utilizing ER probes is the 
ability to obtain accurate corrosion rates within a reasonable time via in-
situ measurement. The speed of this approach allows engine designers to 
quickly evaluate a large number of engine operating parameters to assess 
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the corrosion potential associated with EGR. The goal is to enable engine 
manufacturers to establish boundary conditions on engine operation in 
order to avoid enhanced corrosion. Kass et al. (16) performed a study to 
determine the effectiveness of an advanced ER probe system to evaluate 
corrosion behavior in heavy-duty diesel exhaust as a function of intake 
conditions and engine operation. The instrument used in this study was a 
commercially-available probe manufactured by Cormon Ltd (Sussex, 
United Kingdom). The probe utilizes their proprietary CEIONTM technol-
ogy to enable high resolution measurement (<1 micron) at relatively high 
sample rates (up to 0.25 Hz).18 A photograph of the probe tip is shown in 
Fig. 22.4. The probe measures 2.54 cm in diameter and consists of two, 
essentially identical, spiral elements. One of the elements measures the 
fl uid temperature and also provides for temperature compensation (since 
temperature has a pronounced infl uence on electrical resistance) (see 
Chapter 11). A key feature of this probe is the ability to compensate for 
temperature fl uctuations which is necessary for assessing corrosivity within 
engine exhaust. The system was originally developed to monitor oil pipe-
line wear and this effort was the fi rst to apply this technology to engine 
exhaust. In effect, the corrosion probe offers an in-situ method of assessing 
the potential of corrosion in near real time. Prior evaluations using the 
Cormon probe have shown that an accurate measurement could be made 
within 30 minutes for each operating setpoint and the measured corrosion 
rates were determined to be highly repeatable (typically within 5%). 
However, because of sample rate limitations this method cannot be used 
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for transient analysis and is therefore limited to steady-state evaluation 
only. Future probe designs may be fast enough to compensate for transient 
operation but none as of yet are on the horizon.

The location and arrangement of the probe in the exhaust system is an 
important consideration. Previous studies have shown that an optimal con-
sideration is to locate the probe in a vertical arrangement pointing down 
as shown in Fig. 22.5. The advantage of this orientation is that it prevents 
condensate from accumulating and stagnating on the probe elements. Also 
if the probe is located on the bottom with the tip facing upward, the probe 
elements may be placed in a non-uniform distribution of moving conden-
sate. In other words, the condensate may pool along the bottom surface 
and travel as irregular rivulets which have the potential to eliminate the 
uniformity of the measurement. However, this effect, while suspected, has 
not been tested experimentally.

Corrosion probe

Intake manifold

22.5 Schematic showing vertical mounting of the corrosion probe 
within the airhorn section of a heavy-duty diesel engine.
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22.4 Photograph of corrosion probe tip showing element 
confi guration.
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Performance and operation

In the Kass et al. study,16 the engine was held at a fi xed operating mode 
(speed and load) and EGR fraction. An example of the performance of the 
probe over time as a function of exhaust temperature is shown in Fig. 22.6. 
For the fi rst three conditions, the mass loss is lowered with decreasing 
temperature; however, the resulting change in mass loss for these points is 
negligible (the slope or rate of corrosion is ∼0). In contrast, the mass loss 
is observed to increase with time for the following 60 °C test points. It is 
important to note that the exhaust dewpoint for these conditions is ∼65 °C, 
and hence corrosion does not occur signifi cantly until conditions promoting 
condensation occur. Also note that the response of the probe is shown 
to be stable over the engine test conditions after about fi ve minutes of 
exposure. However, the probe response is dependent on the stability and 
uniformity of the exhaust environment and does not refl ect the perfor-
mance to be achieved from other test conditions. Other studies have shown 
that 30 to 45 minutes of probe operation were necessary to achieve reliable 
and stable readings form which to determine corrosion rates.

Application of ER probe to assess corrosivity with key engine variables

ER probe measurements have proven useful in assessing the exhaust 
corrosivity associated with fuel sulfur level, water condensation, and EGR 
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fraction. This method has shown that mild steel probe elements only 
reported signifi cant corrosion with the onset of condensation as shown in 
Fig. 22.7, where dewpoint margin is defi ned as the difference between the 
actual temperature and the theoretical dewpoint temperature of water. In 
this fi gure, corrosion does not occur until the exhaust temperature drops 
below the dewpoint temperature. As the exhaust temperature begins to 
decrease below the dewpoint temperature, the corrosion rate suddenly 
jumps to a high value and then begins to decrease with increasing dewpoint 
margin. This effect is expected since the acid concentration of the conden-
sate would be highest at the point of onset as the dewpoint margin increases 
and the quantity of condensed water increases; the acid concentration of 
the condensate would decrease accordingly, assuming that the exhaust gas 
chemistry is unchanged. For this experiment the fuel used to operate the 
engine contained ∼350 ppm sulfur. An ultra low sulfur diesel fuel (<15 ppm) 
was also evaluated and showed no evidence of noticeable corrosion, thereby 
indicating that sulfuric acid is the primary corrosive agent.16

22.4.3 Wet chemical analysis techniques

Wet chemistry methods have been utilized to assess the chemistry and 
acidity of exhaust condensate. To do so, it is necessary fi rst to collect the 
condensate prior to analysis. A simple method to collect condensate in the 
exhaust is to attach a sampling tube to the exhaust component of interest. 
In one successful arrangement, a clear plastic tube was attached to a port 
valve connected to the intake airhorn where recirculated exhaust mixed 
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with incoming air prior to entering the combustion chamber. The port was 
located on the bottom of the airhorn, and during conditions in which con-
densation was observed, the top valve was opened while the release valve 
was kept closed. When the tube was fi lled up, the top valve was closed and 
the bottom one opened to allow the condensate to be poured into a con-
tainer for subsequent analysis. Studies showed that condensation com-
mences rapidly once the dewpoint temperature for the exhaust environment 
is reached.

Unfortunately, pH-based methods have not been reliable since the 
suspended particulate matter formed in the exhaust has been known to 
interfere with probe operation. However ion chromatography has been suc-
cessfully employed to measure the dissolved levels of acetate, formate, 
nitrite, nitrate and sulfate in the collected condensate. During one study, the 
exhaust condensate was collected for two different fuel sulfur concentra-
tions; 350 and 15 ppm, and analyzed using ion chromatography. Analysis of 
the data revealed that negligible amounts of acetate, formate, and nitrate 
were measured in the condensate samples. However, appreciable levels of 
both nitrate and sulfate were detected in the condensate samples for both 
fuel types. The results indicated that, for the 15 ppm sulfur fuel, the relative 
concentrations of sulfate and nitrate are similar. In contrast, the sulfate 
concentrations for 350 ppm sulfur fuel are around ten times higher than the 
15 ppm sulfur fuel while the nitrate concentrations are similar to the 15 ppm 
sulfur fuel levels. When the sulfur concentrations (as measured via ion chro-
matography) are compared with the ER probe corrosion rate (see Fig. 22.8), 
a positive correlation was observed. The data shown in Fig. 22.8 also dem-
onstrate the advantage of combining ER probe results with a more conven-
tional wet chemistry method to further elucidate the corrosive behavior.16

22.5 Current issues and future needs

Because corrosion monitoring of engine exhaust is a relatively new area of 
study, there are a wide ranges of issues that need to be determined for 
conventional engine operation. One of the more immediate needs is to 
elucidate the condensation chemistry especially as a function of engine 
type, fuel chemistry and operating conditions. This information is critical 
in order to adequately model engine exhaust corrosion and to guide con-
trolled bench-scale studies. Other areas needing further research include 
corrosion monitoring during transient operation and the infl uence of cata-
lysts on condensate chemistry. Measurement during transient operation 
will necessitate the development of faster monitoring methodologies and 
novel applications of in-situ probes.

Currently, a dynamic area of research involves the application of very 
high levels of recirculated exhaust (up to 50%) to the combustion process. 
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High EGR rates allow the engine to operate in unconventional combustion 
regimes that are characterized by low NOx and PM emissions. However, 
these regimes produce high levels of unburned hydrocarbons and CO in 
the exhaust, and, therefore, increase the potential of carboxylic acid forma-
tion. The effects of high levels of hydrocarbons and CO in the exhaust on 
system components have not been well studied. However, it is known that 
unburned hydrocarbons will coalesce and accumulate on cooled surfaces 
inside the exhaust. The effect of this buildup on material durability has not 
been evaluated but undoubtedly will be a future concern with the develop-
ment of newer engines, gasoline and diesel.
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23.1 Introduction

In this chapter, examples of laboratory and fi eld applications of the dif-
ferential fl ow cell technique for corrosion monitoring in cooling water 
systems are described. The differential fl ow cell technique is an on-line 
measurement method capable of real-time determination of localized and 
general corrosion rates of metals in aqueous solutions. The principles of the 
method, typical designs of the monitors, and guidance on data interpreta-
tion are described in Chapter 6.

23.2 Corrosion inhibition program selection 

and optimization

This study was conducted in a two-unit pressurized water reactor (PWR) 
nuclear power plant in the Midwest of the United States.1 The plant uses 
water from an impounded lake for once-through cooling. Water from the 
lake is made-up and blown-down from a river. Condenser circulating water 
design fl ow is 720 000 gpm (2730 m3/min) per unit (with three circulating 
water pumps running). The total essential service water fl ow is 24 000 gpm 
(90.8 m3/min) and the total non-essential service water fl ow is 70 000 gpm 
(265 m3/min). The service water systems were experiencing an increasing 
trend in corrosion rates based on corrosion coupon results (about 12 mpy 
(305 µm/y) for carbon steel coupons with >90 day exposure) and pipe 
inspection/repair frequency. Considering the large volumes of water to be 
treated (for this reason, no corrosion inhibitor was used), it was recognized 
that economics and environmental concerns would be major drivers in the 
development of a corrosion control program. Traditional treatments known 
to be effective would cost about $3 million per year to implement. Research 
was conducted in the laboratory to develop a treatment program that could 
deliver the desired results. Based on lab results, a combination of blended 

23
Corrosion monitoring in cooling water 

systems using differential fl ow cell technique
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deposition corrosion inhibitors and a novel feed approach showed the 
greatest promise. A side-stream system was developed to model the cooling 
water system at the plant.

Several trials were run with varying degrees of success. Results from the 
treatment program that yielded the greatest potential are shown in Fig. 23.1. 
Analysis results of the lake water used as the once-through cooling water 
in the studied period is shown in Table 23.1. In this situation, it was shown 
that intermittently feeding a relatively high dosage of inhibitors provided 
the greatest overall corrosion control. This was compared to continuous 
feed of inhibitors at a medium dosage, which resulted in higher corrosion 
rates.1 Not only did the continuous corrosion inhibitor feed give poorer 
results, it delivered more total amount of chemicals to the system, resulting 
in a higher costing program.

In Fig. 23.1, the general corrosion rate was shown to drop steadily and 
stay low following the fi rst slug of inhibitor. The localized corrosion rate 
initially decreased by about half the original value after the fi rst slug of 
inhibitor, but shortly thereafter the rates leveled off at a minimum value. 
At this point, inhibitor feed was discontinued and the localized corrosion 
rates rapidly increased to their original level. This cycle was twice repeated, 
showing similar responses in the localized corrosion rate when the corro-
sion inhibitor was intermittently fed.

23.1 Effect of intermittent inhibitor feed on carbon steel corrosion in a 
once-through cooling water system.
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: Localized rate (left scale)
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From this case study, it is important to note that it is the area under the 
curve that relates to the total corrosion in the system. In this case, the 
general corrosion was maintained and the localized corrosion level was 
intermittently reduced, giving an overall performance better than could be 
achieved with a continuous feed approach. Thus, the sensitivity of the LCM 
allowed for close monitoring of system corrosivity changes, resulting in a 
novel intermittent inhibitor dosage strategy. Also, during this evaluation, it 
was shown that temperature and make-up water chemistry have a great 
impact on corrosion rates. These factors are intuitive to most water treat-
ment professionals. However, given the sensitivity of the LCM it is pos-
sible to adjust the treatment program based on these clearly identifi able 
effects.

It should be noted that good correlation between LCM time average rate 
readings and coupon general rate and pitting rate results are obtained in 
the same exposure periods in this study.1

Table 23.1 Midwest Nuclear Power Plant – once through cooling lake water

Date 26 Feb 12 Mar 13 May 18 Jun 28 Jul

Water analysis ICP 
or IC results, ppm Total Total Total Total Total 

Ca2+ (CaCO3)  210 190 190 150 160
Mg2+ (CaCO3)  330 310 310 290 330
Iron (Fe)    0.2 0.3 1.9 0.7 0.3
Sr2+ (Sr)    0.3 0.3 0.3 0.3 0.3
Na+ (CaCO3)  100 99 92 84 98
K+ (K)    7.8 7.1 7.2 6.8 8.1
Aluminum (Al) 0.1 0.1 0.3 0.2
Phosphorus (PO4) <0.3 0.5 0.5 <0.3 <0.3
Silica (SiO2)    3.1 1.5 1.5 3.9 9.8
Sulfur (SO4)  260 260 270 250 290
Boron    0.2 0.2 0.2 0.2 0.5
Cl− (CaCO3)  110 110 110 85 120
Sulfate (CaCO3)  230 260 230 270
M-alkalinity (CaCO3)  238 217
Nitrite (NO2) <2.9 <2.9 <2.9 <2.9
Nitrate (CaCO3) 4.8 5.7 4.3 <2.9

Other

Conductivity, µS/cm 1130 1140
pH    7.5 8.6

Note: ICP – Inductively Coupled Plasma Atomic Emission Spectroscopy. IC – Ion 
Chromatography.
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23.3 Program optimization at a chemical 

processing plant

This case study was conducted in the chlor-alkali cooling water system 
(system capacity: ~650 000 gallons or 2460 m3) of a large integrated plastics 
producer in the Southwest of the United States.2 The cooling water system 
had a very long holding time index (HTI up to 6–9 days; 5 to 15 cycles of 
concentration) with variable calcium ions (150 to 300 mg/L as CaCO3 or 1.5 
to 3 mM in the tower) and used condensate water as partial cooling water 
make-up. Other challenging conditions in the system included:

•  Frequent leakage of 30 and 50% sodium hydroxide from the nickel plate 
and frame exchangers to the cooling water due to pitting corrosion, 
crevice corrosion, plastic deformation at the plate and frame contact 
points

•  Low fl ow rates in certain shell-side carbon steel heat exchangers due to 
process demand variations (one shell-side carbon steel column con-
denser with double segment baffl e design experienced a localized cor-
rosion related failure after 2 years of service, indicating a time averaged 
penetration rate of 40 mpy or 1 mm/y)

•  Low fl ow rate in the ethylene dichloride reactor jackets, resulting in 
high corrosion rates and plugging with corrosion products and other 
deposits (consisting of mostly iron oxides and hydroxides)

•  Desire to operate at even higher cycles of concentration to conserve 
water

The system used an Alkaline Stabilized Phosphate program and chlorine 
gas at the start of the study. A Stabilized Phosphate program was used 
before, with unsatisfactory results. High carbon steel general corrosion 
rates were obtained in the bulk cooling water by coupons and LPR general 
corrosion rate measurements. Severe fouling occurred at the ethylene 
dichloride reactor requiring acid cleaning once per year.

A newly developed Alkaline Stabilized Phosphate treatment program 
containing a new stable cathodic localized corrosion inhibitor was judged 
to be especially suitable for this system.3 The LCM was used to conduct 
on-line optimization of this new treatment program to minimize localized 
corrosion, the most critical concern at this plant. Several combinations of 
inhibitors, dispersants and biocides were used and an excellent program 
was developed. The results are shown in Fig. 23.2. Chemical analysis of 
several key parameters of the cooling water in the system (return water 
after fl owing through all the heat exchangers) is shown in Table 23.2.

Over the four months period of this study, the cycles of concentration 
were steadily increased due to the need for reducing make-up water usage, 
ultimately rising by a factor of 4 at the end of the study. By taking a 
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Table 23.2 Chemical processing plant cooling water return analysis – stabilized 
alkaline phosphate treatment + Cl

Date
Conductivity
µS/cm

Total hardness
ppm CaCO3

Ca2+ 

ppm CaCO3

M-alk
ppm CaCO3 pH

3/9/1998 212 190
3/19/1998 1170 203 136 8.4
4/14/1998 1820 205 135 8
4/15/1998 1880 220 166 132 8.41
4/16/1998 2040 250 194 148 8.47
4/17/1998 2230 266 212 156 8.46
4/18/1998 2390 280 220 164 8.33
4/20/1998 2220 248 204 148 8.57
4/21/1998 2250 244 208 156 8.42
4/22/1998 2150 260 188 144 8.22
4/23/1998 2100 270 200 140 8.42
4/24/1998 1910 270 210 132 8.37
4/25/1998 1808 285 220 152 8.4
4/27/1998 1910 350 280 140 8.53
4/28/1998 1970 370 300 150 8.49
4/29/1998 2090 412 324 160 8.47
4/30/1998 2130 460 360 168 8.44
5/1/1998 2140 8.5
5/4/1998 2120 448 400 136 8.33
5/5/1998 2140 470 390 126 8.37
5/6/1998 2100 480 410 140 8.43
5/7/1998 2135 500 412 144 8.5
5/8/1998 2180 8.5
5/11/1998 2360 600 488 144 8.37
5/12/1998 2402 620 500 140 8.4
5/14/1998 2410 624 508 148 8.43
5/16/1998 2620 628 510 148 8.32
5/18/1998 2643 680 552 160 8.5
5/19/1998 2730 710 600 160 8.48
5/20/1998 2930 716 600 140 8.33
5/21/1998 3093 728 608 140 8.34
5/22/1998 2917 716 600 120 8.38
5/23/1998 2990 712 600 120 8.4
5/24/1998 2940 120 8.4
5/25/1998 3040 126 8.46
5/26/1998 3070 736 612 122 8.41
5/27/1998 3091 736 614 168 8.59
5/29/1998 3190 832 692 172 8.57
6/1/1998 3790 824 712 188 8.61
6/2/1998 3850 820 732 204 8.64
6/3/1998 3910 1000 780 200 8.6
6/4/1998 3910 880 760 200 8.46
6/5/1998 3670 1120 810 160 8.48
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Table 23.2 Continued

Date
Conductivity
µS/cm

Total hardness
ppm CaCO3

Ca2+ 

ppm CaCO3

M-alk
ppm CaCO3 pH

6/6/1998 380 340 180 8.4
6/7/1998 820 760 180 8.4
6/8/1998 2710 970 568 180 8.51
6/9/1998 2730 920 552 180 8.57
6/10/1998 2650 870 588 160 8.59
6/11/1998 2770 860 640 180 8.5
6/12/1998 2810 690 580 180 8.69
6/13/1998 2810 680 640 180 8.4
6/14/1998 2870 660 640 180 8.5
6/15/1998 2840 700 668 184 8.58
6/16/1998 2961 720 688 188 8.63
6/17/1998 3090 768 724 196 8.64
6/18/1998 3100 760 640 172 8.6
6/19/1998 3160 920 850 180 8.54
6/20/1998 3200 880 860 180 8.4
6/21/1998 3140 950 880 184 8.4
6/22/1998 3190 860 850 184 8.57
6/23/1998 3260 910 860 180 8.65
6/24/1998 2790 830 720 196 8.5
6/25/1998 3120 900 770 192 8.4
6/26/1998 3310 830 740 180 8.63
6/27/1998 3040 870 750 170 8.62
6/28/1998 3220 810 730 170 8.64
6/29/1998 3120 820 620 176 8.8
6/30/1998 3210 820 640 186 8.5
7/1/1998 3310 840 710 176 8.4
7/2/1998 3420 880 800 168 8.4
7/3/1998 3520 950 850 164 8.45
7/4/1998 3480 850 800 176 8.5
7/5/1998 3550 860 850 160 8.42
7/6/1998 4440 830 640 160 8.51
7/7/1998 4560 860 780 168 8.53
7/8/1998 4880 820 730 185 8.36
7/10/1998 4370 920 800 148 8.46
7/11/1998 4360 880 800 144 8.41
7/12/1998 3960 840 720 266 8.69
7/13/1998 3790 860 820 185 8.5
7/14/1998 3570 720 600 152 8.45
7/15/1998 3560 620 600 160 8.35
7/16/1998 3550 754 612 160 8.49
7/17/1998 3290 670 660 152 8.4
7/18/1998 3680 810 650 160 8.4
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macroscopic view of Fig. 23.2, one can see that the LCM was proven to be 
extremely useful in optimizing treatment performance for localized corro-
sion, decreasing the localized corrosion rate from 70–80 to 10–15 mpy 
(1780–2030 to 250–380 µm/y).

At the beginning of the study, the localized corrosion rate was increasing 
with time after the initial 13 days. Since the direction of the changes is 
opposite to the expected reduction of corrosion rate with time (see the 
previous example in Fig. 23.1), this indicates that the treatment perfor-
mance against localized corrosion in the system is worsening. Application 
and optimization of the new program resulted in steadily decreasing local-
ized corrosion rates, despite the approximately four-fold increase in cycles 
(conductivity changed from ~1200 µS/cm to 4000–5000 µS/cm and calcium 
concentration changed from 150–200 mg/L to 600–1000 mg/L as CaCO3) 
during the study. A more microscopic view of the data shows that the LCM 
identifi ed upset or non-ideal operating conditions and treatment program 
changes. The following are some of the specifi c results obtained:

Identifi ed upset or changes in operating condition:

•  Injection of sand fi lter backwash water to the cooling tower at about 
the fourth day

•  A plant shut-down started at about the seventh day

23.2 Chemical process plant: chemical treatment optimization using 
the LCM.

: Localized rate (left scale)

: General rate (right scale)
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•  Stopped blowdown at about the 29th day and resumed blowdown at 
about the 32nd day

•  Slug dose of new inhibitor treatment at about the 33rd day.

Treatment optimization:

•  Increase product feed rates at about the 37th day
•  Increase polymer feed rate at about the 50th day
•  pH was raised, polymer feed rate was decreased, and inhibitor feed rate 

was increased at about the 62nd day
•  pH was decreased at about the 63rd day
•  Polymer feed rate was increased and inhibitor feed rate was decreased 

at about the 77th day
•  Final blowdown rate adjustments through the end of the test.

The results from this study show that increasing the dosage of dispersant 
polymer under the plant conditions was the most effective way to reduce 
the carbon steel localized corrosion rate. Additionally, increasing the pH 
and pyrophosphate (corrosion inhibitor) feed at the high calcium condi-
tions and at the same time reducing dispersant polymer feed rate resulted 
in an increase in localized corrosion rate. This case study demonstrates the 
detrimental effect on localized corrosion by an excess dosage of deposition 
corrosion inhibitor and an insuffi cient dosage of dispersant polymer. The 
polymer is needed to optimize the interaction of the phosphate and phos-
phonate corrosion inhibitors with the metal surface for optimum passive 
fi lm formation. In this case, it is likely that the insuffi cient polymer dosage 
resulted in a porous, non-passive fi lm of phosphate salts on the surface, 
promoting under-deposit (localized) corrosion. It also should be noted that 
the averaged localized corrosion rate detected by the LCM before the start 
of the new treatment program was consistent with the carbon steel shell-
side heat exchanger failure frequency observed in the plant (i.e., failed after 
two years in service due to corrosion).

The new optimized treatment showed much better performance in 
controlling localized corrosion than the old Alkaline Stabilized Phosphate 
program, despite operating under a much more stressful scale and corro-
sion environment (higher cycles). Note that the general corrosion rate 
was much less sensitive to the corrosivity changes in the system, and could 
not have been used to achieve this program optimization. The improved 
localized corrosion results were confi rmed by plant inspection results 
showing that no unacceptable carbon steel corrosion problems were found 
on the plant equipment inspected. The customer had since used the LCM 
to optimize the treatment programs in two different cooling water systems 
in the plant.3 Thus, the LCM provided valuable information for develop-
ing a successful new treatment program in this customer application.
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23.4 Program optimization using pilot cooling 

tower tests

To further optimize the chemical treatment program for the Southwest 
chemical processing plant described in the previous case history, a labora-
tory pilot cooling tower study was performed.4–5 Over the course of several 
months, many scale and corrosion control programs were used and the 
program was optimized under long holding time conditions to a localized 
corrosion level of 10–20 mpy (254–508 µm/y). At one point during the test, 
the localized corrosion rate increased signifi cantly. Figure 23.3 shows this 
increase. Adjustments in the scale and corrosion treatment programs had 
little effect on the increasing localized corrosion rate. It was also noted that 
a biofi lm had developed on the heat exchanger surface and on the LCM 
anodes. Continuous bleach feed (maintaining 0.1 ppm free chlorine resid-
ual) was used throughout the test.

It is well known that hypochlorous acid is not as effective a biocide as 
hypobromous acid at pH values above 7.5. The pH of this test was approxi-
mately 8.4, therefore the observed results suggested that the current 

23.3 Effect of oxidizing biocides on MIC control.
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program was probably not suffi ciently effective in controlling microbial 
growth. Following a slug dose of a stabilized liquid bromine biocide 
(STA•BR•EXTM) (1 ppm TRO (total residual oxidant) as Cl2), the localized 
corrosion rates dropped more than half (Fig. 23.3). (STA•BR•EXTM is the 
trade name used by Nalco, IL, USA.) Localized corrosion rates remained 
low for approximately one week before they started to increase. A second 
dose of stabilized liquid bromine (STA•BR•EXTM) again quickly lowered 
localized corrosion rates for a period of about one week. When localized 
corrosion rates increased again, a batch of chlorinated water was added to 
the tower to refi ll the basin (dosage not recorded). This also showed a 
benefi cial effect on reducing the localized corrosion rate. However the 
effects were not longstanding. After allowing time for the excess bleach to 
be depleted, a 1 ppm slug of bleach was applied, showing little or no effect. 
Subsequent doses of unstabilized bromine at 1 and 2 ppm TRO as Cl2 were 
also effective at decreasing localized corrosion rates by half. Since stabilized 
bromine (STA•BR•EXTM) and the unstabilized bromine are strong oxi-
dants, they would normally be expected to increase corrosion rates. This 
effect was noticed immediately following the addition of the biocide. 
However, shortly thereafter, the localized corrosion rate dropped substan-
tially. The corrosion monitor was found to be functioning properly during 
this test. Furthermore, sulfate reducing bacteria (100 colony-forming 
units per square centimeter (cfu/cm2)) and aerobic bacteria (three orders 
of magnitude higher than elsewhere in the system) were measured on the 
corrosion monitor anode, at the end of the test.4–5 A likely explanation for 
these observations is that the high localized corrosion rates were a result 
of microbial processes. Second, bromine based biocides were very effective 
at lowering the localized corrosion rate. Bromine chemistry most likely 
worked better than chlorine as result of the pH of the cooling water used 
in the tests. Localized corrosion rates remained low for a longer period 
following stabilized bromine (STA•BR•EXTM) application as compared to 
un-stabilized bromine treatments (Fig. 23.3), suggesting that stabilized 
bromine may be more effective at reducing this type of corrosion under test 
conditions.

Microbial control monitoring during this test was primarily done on bulk 
water samples. Throughout the experiment, bulk water counts of aerobic 
bacteria did not exceed 103 cfu/mL. These results suggest that while the 
low-level continuous bleach feed (0.1 ppm as Cl2) may be effective in con-
trolling microbial growth in the bulk water, it may not be suffi cient to 
control bacterial activity at all the corrosion sites. Surface microbial popula-
tions were not monitored regularly during this test. The reason for periodic 
monitoring is not to measure specifi c microorganisms, which may be con-
tributing to the increased corrosion, but rather to determine how effective 
biocide treatments are in reducing the general surface population viability. 
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Rarely does presence, or for that matter absence, of specifi c groups of 
microorganisms correlate with localized corrosion rates. This test demon-
strates that different biocides have distinguishable effects on the localized 
corrosion rate and can be measured using the Localized Corrosion Monitor. 
Post-test metallurgical examination of the carbon steel cathode tube con-
cluded4 that the corrosion attack was consistent with MIC, most likely by 
acid-producing bacteria (see Fig. 23.4). The test results were also confi rmed 
in a second pilot cooling tower test, as described elsewhere.5

It is generally known that microbiologically infl uenced corrosion is diffi -
cult to detect and measure. This is because presence of species commonly 
associated with MIC may not be contributing substantially to the corrosion. 
Conversely, observation of high corrosion rates may not necessarily indi-
cate that the corrosion is a result of MIC. The results obtained here indicate 
that the Localized Corrosion Monitor may be a useful tool to monitor and 
control MIC.

23.5 Refi nery hydrocarbon leak detection and control

A corrosion study was performed in a large US Midwest refi nery with no 
known carbon steel heat exchanger failures in the past fi ve to six years 
before the study.2,6 The plant has six cooling towers. No. 2, 4 and 5 towers 
normally use the blow-down water from the largest tower (No. 3) as make-
up water. Thus, tower No. 3 usually runs at a lower cycle of concentration 
than the other towers. The carbon steel heat exchangers cooled by the No. 

 

23.4 Typical MIC attack morphology identifi ed on the carbon steel 
tube. Photo of a section of the CS tube (diameter = 1.27 cm) used as 
the cathode in the LCM to obtain the results shown in Fig. 23.3.
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3 tower are all tube-side exchangers (water in the tube side). The system 
has excess cooling capacity. Hence some of the exchangers may be idle 
(i.e., no water fl ow) in the winter. A low Zn treatment and bleach were used 
as the cooling water treatment in the system. Some water analytical results 
of the tower water are shown in Table 23.3. The major concerns of the 
refi nery before the study were:

•  Admiralty exchanger stress corrosion cracking due to high NH3 and SO4
2−

•  Carbon steel exchanger fouling
•  Effect of a make-up water change in the winter (from lake water, which 

would freeze in the winter, to a more aggressive plant waste water)
•  Possible options to minimize the potentially damaging effects associated 

with the increased corrosivity

The LCM was installed in a side stream of a tower return line for the 
purpose of treatment optimization and control, and to help manage prob-

Table 23.3 Midwest Refi nery Tower No. 3 cooling water return analysis results: 
low Zn + bleach

Date 11/10/97 1/6/1998

Water analysis ICP and IC results
Filtered (0.45 µm)
(ppm)

Filtered (0.45 µm)
(ppm)

Ca2+ 69 172
Mg2+ 24 48
Zn2+ 0.1 0.7
Iron 0.2 0.7
Cu2+

Sr2+ 0.2 1.4
Na+ 120 782
K+ 2.7 23
Phosphorus 1.9 2.3
Silica (SiO2) 2.5 22
Boron 0.5
Mn2+ 0.1
Cl− 230 994
Sulfate 110 682
M-alkalinity (CaCO3) 144 243
Nitrate (CaCO3) & Nitrite (NO2) <2.9 <2.9

Other

Unf. Org. Phosphate (PO4) 1.4 0.6
Ortho-PO4 (PO4) 5.1 1.4
Conductivity, µS/cm 1090 4280
pH 7.6 8.3
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lems that may arise due to the make-up water change in the winter. The 
results obtained from three weeks in the winter are shown in Fig. 23.5. 
Upon immersion, the localized corrosion was initially very high and then 
the rate decreased drastically (one to two days). This effect is due to the 
initial fl ash corrosion that any fresh metal experiences when exposed to 
corrosive waters. The localized corrosion rate stabilized for a short period 
and then rose throughout the remainder of this test. Note that the general 
rate obtained by the LCM’s LPR probe also shows a similar pattern, i.e., 
it was fi rst reduced to a low value upon immersion, followed by a steady 
increase. However, the increase in general rate occurred two to three days 
after the corresponding increase in the localized corrosion rate, showing 
the increased sensitivity of the localized rate over that of the general rate. 
One week later, the LCM’s LPR probe failed due to short-circuiting by 
biofi lm deposits. This occurs because the LPR probe tips are in close 
proximity. Thus, no general corrosion rate information was obtained after 
that time. About two weeks into the test, a leak in a carbon steel heat 
exchanger served by this tower was reported. The leakage was confi rmed 
by noticing hydrocarbon foaming in the tower. The leaking exchanger was 
identifi ed and isolated. It was not determined whether the failure was 
from the waterside or the process side. However, it is known that the heat 

23.5 Effect of hydrocarbon leak on carbon steel corrosion.

Light cat. gas oil leak confirmed by
noticing heavy foaming at cooling tower

: Localized rate (left scale)

: General rate (right scale)
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exchanger had been idled for some time during the previous winter (stag-
nant water can be very corrosive). It should be noted that after the Light 
Cat. Gas Oil leak was confi rmed, the leaking heat exchanger was identifi ed 
and isolated from the system. Blow-down from Tower No. 3 to other 
towers was stopped. Tower no. 3 was blown down and then allowed to 
cycle up. The chemical analysis of the cooling water under this operating 
condition (i.e., sampled on 1/6/98) is shown in Table 23.3. Since there 
was excess cooling capacity in the refi nery, there is no need to stop 
production.

The results in Fig. 23.5 show that the LCM was able to provide a 
warning on the heat exchanger failure with the sudden increase in local-
ized corrosion rate two to three days before LPR responded, and more 
than two weeks before being confi rmed by other methods (cooling tower 
hydrocarbon foaming). In addition, the LCM electrodes did not short-
circuit under heavily fouled conditions, unlike the LPR electrodes. This is 
due to the physical separation of the LCM anodes into their respective 
wells, while the LPR electrodes are very close to each other with no 
barrier in between. It should be noted that the LCM uses a ZRA to 
measure the galvanically coupled current between the electrodes. Thus, 
even in cases where there is low electrical resistance bridging between the 
electrodes, the LCM instrument would still be likely to be able to detect 
a major portion of the galvanically coupled corrosion current fl owing 
between the anodes and cathode. The same LCM study continued for 
several more months without the LPR general corrosion rate information 
and is shown in Fig. 23.6.

The spike at about the 24th day was due to a change of LCM anode 
confi guration to better simulate different operating conditions encountered 
in the plant. However, the localized corrosion rate continued to rise steadily 
after the ‘electrode change’ spike had receded. Due to a dramatic localized 
corrosion increase started at about the 55th day, it was suspected that the 
LCM was malfunctioning. However, at the 80th day, a complete fl ow and 
electronics inspection found that the LCM was working normally. A light 
oily odor in the return water and the cooling tower water was noted after 
the inspection (make-up water had no hydrocarbon odor and the basin only 
had a very small amount of foaming). Thus, a new hydrocarbon leak was 
suspected. Indeed, another exchanger leak was confi rmed on a different 
carbon steel heat exchanger later on the same day. Analyzing the biofi lm 
from the tower showed very high aerobic bacteria and sulfate reducing 
bacteria (SRB) counts (2.9 × 108 cfu/mL total aerobic bacteria and 3.9 × 
105 cfu/mL SRB in the biofi lm sample), suggesting that the high pitting rate 
observed may have been due to MIC. Thus, the LCM had detected the 
effects of a second heat exchanger leakage more than three weeks before 
being confi rmed by other methods. Since the second leak was very likely a 
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direct result of the damaging cascading effect of the corrosive contaminants 
from the fi rst leak, the ability to provide an early warning to these condi-
tions could be very useful in minimizing further damage to the refi nery 
system.

After the confi rmation of the second hydrocarbon leak, various standard 
damage control measures were taken, including isolating the leak, increas-
ing blowdown rate, and increasing the bleach feed to oxidize the hydrocar-
bon and sulfi de species. However, recommendations for use of more 
effective corrosion control treatments were not accepted by the refi nery, 
due to concerns about treatment cost. Subsequently, the third heat 
exchanger leaked one month later (detected by LCM, confi rmed soon 
afterwards). A carbon steel localized corrosion rate as high as 400 mpy 
(10.2 mm/y) was detected by the LCM. The general corrosion rate detected 
by the LCM was 10–12 mpy (250–305 µm/y) during the same period. Mul-
tiple heat exchanger leaks occurred within the next two months before the 
refi nery was shut down for repair.

It should be noted that the heat exchanger leakage frequency observed 
in this case study was consistent with the localized corrosion rate results 
obtained from the LCM. When the localized rate is as high as 300 to 
400 mpy (7.6–10.2 mm/y), leakage of carbon steel exchanger tubes (even for 

23.6 Effect of hydrocarbon leaks on cooling water corrosion.

Wet gas leak confirmed

Light cat. gas oil leak confirmed
Change electrode
configuration

: Localized rate (Left scale)

: I-Corr (right scale)
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new tubes, typical thickness of 2.08 mm) is predicted to occur in two to three 
months. Higher pressure in the process side would tend to lead to an earlier 
leakage of the exchanger.

23.6 Refi nery leak detection and program 

optimization

This case study was conducted in a large US West Coast refi nery.2,6–7 In this 
case, the refi nery wished to use California Title 22 Water (treated reclaimed 
wastewater) as make-up water for two of its cooling water systems. Infor-
mation about the cooling water system, water chemistry conditions and 
typical LCM and other corrosion measurement results before and after the 
introduction of Title 22 water as make-up water can be found elsewhere.7 
The effects of daily temperature fl uctuation, due to sunlight and weather 
conditions, and the introduction of the more corrosive Title 22 water on 
the localized and general corrosion rates can also be observed in Fig. 23.7. 
The fact that the localized corrosion rates increased due to the introduction 
of Title 22 water (initial peak at the beginning of the Figure) while the 
general rate did not, demonstrates the excellent sensitivity of the LCM 
toward corrosivity changes in the system.

At about the 18th day into the study the LCM showed a dramatic increase 
in the localized corrosion rate. The general corrosion rate also showed an 

23.7 Hydrocarbon leak control.

: Localized rate (left scale)

: General rate (right scale)
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increase. A hydrocarbon leak was confi rmed about nine days later (at about 
the 27th day) by operators noticing a temperature rise in the cooling water 
outlet. The leak was further verifi ed by using a leak detection bubbler pot. 
After discovering the leak, bleach feed was increased to oxidize the H2S in 
the leaked hydrocarbon and regain microbial control. The bleach overfeed 
after stopping the leak (due to less demand by H2S) was detected by the 
LCM at about the 37th day. The subsequent effective control of localized 
corrosion after the leakage situation was corrected is also clearly demon-
strated by the LCM results.

Results obtained in this study demonstrate that the damaging effects of 
a hydrocarbon leak (overhead gases from a column containing H2S, CH4, 
C3H8, C4H10, etc.) can be controlled quite well with timely identifi cation and 
stoppage of the leak, followed by appropriate chemical treatment proce-
dures, in this case using an optimized Stabilized Phosphate program. The 
mitigation procedure entailed additional bleach feed to oxidize H2S and 
control microbial growth, switching to a more effective cathodic inhibitor, 
and stopping the leak in a timely manner. The polymer dose and blowdown 
rates remained constant during the hydrocarbon leak. Comparing these 
results with those obtained from the Midwest refi nery case study and con-
sidering the similar nature of the leaks, it is reasonable to assume that this 
West Coast refi nery was able to maintain its acceptable level of operation 
because of the way it responded to the initially identifi ed leak. On the other 
hand, the Midwest refi nery was unable to maintain effective cooling tower 
operation because it did not effectively respond to the initially identifi ed 
leaking exchanger. This led to subsequent leaks and, ultimately, an unsched-
uled unit shut-down.

From another viewpoint, the early response to the hydrocarbon leak also 
had a great impact on the corrosion performance of the treatment program. 
The West Coast Refi nery was able to address the hydrocarbon leak earlier 
(about one week) than the Midwest Refi nery described in the previous case 
history (two to three weeks). This earlier response could be the reason that 
the West Coast Refi nery could bring corrosion under control while main-
taining blowdown rates, while the Midwest Refi nery could not. In addition, 
it is diffi cult to say whether the nature of the hydrocarbon in one cooling 
system was more corrosive than in the other. Certainly, the types and quan-
tities of corrosive contaminants present in different hydrocarbon process 
streams can vary greatly.

23.7 Admiralty brass corrosion control in cooling 

water system using brackish water as make-up

This study was conducted in a two unit 180 MW conventional power plant 
located in Southwestern United States.6 One unit (# 6, 100 MW) of the 
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power plant started operation in 1968–1969 and the other unit (# 5) started 
operation in the mid-1950s. Each unit is cooled with a fi ve-cell cooling 
tower using well water as make-up water. The cooling system volume for 
unit #6 is 515 550 gallons (1951.6 m3) with a holding time index of about 30 
hours. The cooling treatment programs used before 1995 consisted of toly-
triazole, sodium hexametaphosphate, chlorine and bromine. Since August 
1995, a cooling water treatment program consisting of: zinc, phosphate and 
tolytriazole as corrosion inhibitors, a phosphonate scale inhibitor, and poly-
meric dispersants had been used in the system. The biocide treatment con-
sisting of activated bromine (mixing bleach and NaBr at 1 : 1 mole ratio) 
had also been used since 1995. Biocide was normally fed for a maximum 
total time of one hour per every two days due to discharge permit restric-
tion. The goal was to maintain a ~0.2 ppm as Cl2 free halogen residual at 
the condenser outlet during the slug feed of the biocide. The feed dosage 
of corrosion and scale treatment was controlled via on-line measurement 
of an inert fl uorescence tracer. The residual concentration of tolytriazole 
(yellow metal corrosion inhibitor) in the cooling water was controlled sepa-
rately at 1.5 ppm by an on-line fl uorescence monitor/controller. The chemi-
cal treatment programs and the state-of-the-art chemical feed control 
technology were selected to address the high admiralty brass heat exchanger 
pitting corrosion rate (e.g., frequent admiralty condenser leaks due to 
cooling water side corrosion; ~3% of the #6 unit condenser tubes were 
plugged at the start of the study, see Fig. 23.8), and excessive CaSO4 scale 
formation on the condenser surfaces and tower fi ll encountered previously 
in the system.

23.8 A photo of unit #6 condenser tubes showing the presence of 
tube plugging and debris blockage in several tubes.
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Typical water analysis results of tower #6 using the new chemical treat-
ments are shown in Table 23.4. The corresponding results obtained from 
corrosion coupon measurements in tower #6 are shown in Table 5. These 
results appear to show that the chemical treatments employed in the system 
are providing very good corrosion and scale control performance in spite 
of using a brackish well water as the make-up water in the system. Coupon 
corrosion rates were very low and well within the acceptable limits. Water 
analysis results showed that the corrosion product ion concentrations were 
also very low. In addition, water analysis results also showed that the cycle 
of concentrations of the deposit-prone ionic species and the non-deposit 
forming ionic species were the same in the system, indicating there was little 
scale formation in the system. Indeed, the good scale and corrosion control 
performance of the new treatments was confi rmed by borescope inspection 
of the heat exchangers. In addition, admiralty brass (UNS number C44300) 
heat exchanger leakage had been stopped after the start of new treatment 
for about three years. Admiralty brass corrosion coupon results were 
also improved from 0.4 to 0.1–0.2 mpy (10.2 to 2.5–5.1 µm/y). However, 
leakage of admiralty brass exchangers re-appeared in 1999 (six leaks 
occurred in the fi rst seven months of 1999). The condenser leaks occurred 
at an increasing frequency (one leak occurred in January 2000). The power 
plant had little confi dence on the reliability of the results obtained from 
corrosion coupons since they did not simulate the actual corrosion condi-
tions in the plant.

Metallographic analysis of condenser tube section removed from unit #6 
in April 2000 shows that the internal surface of the condenser tubing suf-
fered from numerous pitting corrosion under a layer of deposits consisting 
of mostly calcium, copper, iron and zinc phosphates and calcium carbonate 
(see Figs 23.9–23.12, and Table 23.6). The external surface (i.e., steam side) 
of the condenser tubes was covered by a thin layer of black oxide. No local-
ized attack on the external surface was observed.

The metallographic analysis suggests that under-deposit corrosion in the 
water side may be the cause of the recent condenser leakages. It also 
revealed that the calculated time average maximum localized corrosion 
would be less than 1 mpy (25.4 µm/y) since the condenser was put into 
service ~31 years ago. However, the metallographic analysis did not 
provide information on the propagating under-deposit corrosion rate 
under the current operating conditions. Since operating conditions and 
treatment chemicals had been changed drastically in the long exposure 
period, one would not expect that the corrosion rates would be constant 
during that period.

To gain a better understanding of the effects of current operating condi-
tions on condenser tube under-deposit localized corrosion and to optimize 
the chemical treatment to minimize the localized corrosion rate, a localized 
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Table 23.4 Southwestern US conventional power plant #6 unit cooling water analysis results

Date 2/17/00 5/7/99 12/1/98

Water Analysis ICP and IC Results, ppm

Filtered (0.45 µm) Total (Un-fi ltered) Filtered (0.45 µm) Total Total

Make-up Tower #6 Make-up Tower #6 Tower #6 Tower #6 Tower #6

Ca2+ 260 1300 270 1 300 1300 1300 1400
Mg2+ 60 300 61 300 300 300 336
Zn2+ <0.01 0.47 <0.01 0.47 0.7 0.86 0.2
Iron 0.04 0.4 0.21 0.78 <0.25 0.66 1.2
Cu2+ <0.01 <0.1 <0.01 <0.1 <0.25 <0.25 <0.1
Sr2+ 4.4 22 4.5 22 23 23 24
Na+ 190 1000 190 1 000 900 900 1012
K+ 7 38 7.3 38 43 43 50
Phosphorus <0.1 1.7 <0.1 1.6 <2.5 <2.5 3.2
Silica (SiO2) 12 62 13 62 50 50 70
Boron 0.3 1.6 0.3 1.6 <2.5 <2.5 1.6
Li+ 0.08 0.37 0.08 0.37 0.51 0.53 0.5
Cl− 330 1 700 1600 1917
Sulfate 620 4 300 4100 4512
M-alkalinity (CaCO3) 210 110 74
Br− <2.9 13 7.8 12
Nitrate (CaCO3) & Nitrite (NO2) <2.9 <2.9 <2.9 <2.9

Other

Phosphate (PO4) 0.2 4.4 0.2 4.7 3.5 3.7
Ing. Phosphate (PO4) 0.2 2.1 1.9 1.9
Ortho-PO4 (PO4) <0.1 2.1 1.4
Conductivity, µS/cm 2400 10 000 9600
pH 8.0 8.0 7.34
Turbidity, NTU 0.2
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corrosion monitor based on the DFC method was installed in a side-stream 
of the outlet of unit # 6 condenser. A tube-side heat exchanger fl ow set-up 
(see Fig. 6.2 in Chapter 6) was used. Admiralty brass (UNS C44300) was 
used for both the anodes and cathode. The fl ow rate was 2.3 gpm (8.7 L/min) 
or a fl ow velocity of 0.91 m/s near the cathode tube surface. To simulate the 
under-deposit corrosion conditions shown in Figs 23.11 and 23.12, the 
anodes were occluded (or pulled down) by 3 cm from the fl ow channel glass 
tube surface. The exposed anode surface (0.317 cm2) was pre-corroded in 
the plant cooling water containing >100 ppm NaOCl for ~1 h before immer-
sion. Laboratory tests (both bench-top and pilot cooling tower) showed that 
the electrode pre-treatment method and the fl ow cell set-up would simulate 
realistically the under-deposit corrosion attack observed on the plant con-
denser tube.

23.9 A section of condenser tube (outer diameter = 7/8 in. or 2.22 cm, 
thickness = 0.0046 in. or 116.8 µm) removed from unit #6 in April 2000.

Table 23.5 Southwestern US power plant – tower #6 corrosion coupon results

Corrosion coupon Exposure General rate Pitting Exposure length

Admiralty brass 9/23/99 to 12/21/99  0.1 mpy N.D. 89 days
Admiralty brass 1/5/99 to 3/3/99  0.1 mpy N.D. 57 days
Admiralty brass 10/14/98 to 1/5/99 <0.1 mpy N.D. 83 days
Admiralty brass 5/6/98 to 7/30/98  0.2 mpy N.D. 85 days
Admiralty brass 2/16/98 to 5/6/98 <0.1 mpy N.D. 79 days

Carbon steel (C1010) 9/23/99 to 12/21/99  0.7 mpy 12.7 mpy 89 days
Carbon steel (C1010) 1/5/99 to 3/3/99  2.0 mpy N.D. 57 days
Carbon steel (C1010) 10/14/98 to 1/5/99  2.8 mpy N.D. 57 days

Note: N.D. denotes not determined.
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The fi eld study lasted nearly two years. Many useful results were obtained. 
Fig. 23.13 shows the LCM results obtained from 12 September 2000 to 31 
October 2000. Based on laboratory and fi eld studies, the scale inhibitor feed 
dosage was increased before 12 September 2000 to reduce the potential 
CaSO4 scaling problem on the tower fi ll (a test tower fi ll unit installed on-
site showed some CaSO4 scaling in early 2000). As shown in Fig. 23.13, the 
admiralty brass localized corrosion rate was generally quite high in the two 
weeks of immersion (time average localized rate = 3.3 mpy or 83.8 µm/y in 
the fi rst two weeks in Fig. 23.13). The localized corrosion rate also changed 

23.11 Closed up view of a corrosion site on the condenser tube before 
cleaning. Magnifi cation: 12×.

23.10 Section of the condenser tube shown in Fig. 23.9 after cleaning 
via bead blasting, revealing under-deposit corrosion attack sites. The 
deepest observed attack site penetrated as much as 0.026 in. or 66 µm 
into the tube wall.
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Table 23.6 EDS analysis of material on internal surfaces of the unit #6 
condenser tube section

Element Tan deposit Green nodule Corrosion site interior

Copper (as CuO) 24.0 15.2 83.8
Zinc (as ZnO)  5.3  5.5 4.1
Calcium (as CaO) 37.3 38.5 0.6
Phosphorous (as P2O5) 17.3 17.0 0.8
Iron (as Fe2O3)  7.2  9.9 0.2
Silicon (as SiO2)  2.9  5.3 0.9
Magnesium (as MgO)  2.2  2.3 0.1
Aluminum (as Al2O3)  1.2  2.0 1.0
Chloride (as Cl)  0.4  0.4 7.0
Sulfur (as SO3)  2.2  4.1 1.6

Note: EDS – Energy dispersive X-ray spectroscopy. Values are in weight percent 
as oxides unless specifi ed otherwise.

with water temperature, showing daily fl uctuations in response to the daily 
water temperature fl uctuations associated with weather and operating heat 
load conditions. These results are similar to the ones observed from LCM 
fi eld applications using carbon steel as the anodes and cathode. They dem-
onstrate that admiralty brass LCM localized corrosion rate readings are 
very sensitive to corrosivity changes in the system. It should be noted that 
due to a data-logger wiring error, the water temperature readings in the 
initial 17 days of the test were not recorded. The time average general 
corrosion rate obtained from the LCM during the same time period was 

23.12 Bowl-shape depressions (i.e., under-deposit corrosion sites) 
beneath the red deposit layers on the condenser tube internal surface. 
Magnifi cation: 50×.
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very low, i.e., 0.10 mpy (2.5 µm/y), in agreement with the mass loss results 
obtained from corrosion coupons. The LCM results show that although the 
admiralty brass general corrosion had been under excellent control by using 
the selected modern cooling water chemical treatments and the state-of-
the-art active and inert fl uorescent tracer based monitor and feed control 
instruments, the localized corrosion control had a substantial room for 
improvement.

On-site investigation suggested that microbiological fouling control had 
substantial room for improvement. Tower basin water was turbid and had 
a substantial amount of algae growth, especially during the summer months. 
High surface aerobic bacteria counts were detected on corrosion coupon 
swap samples (total count of 1.3 × 108 cfu/swab on both carbon steel and 
admiralty brass coupons) and on tower fi ll samples (total count of 500 000 cfu/
gram) in February 2000. Signifi cant sulfate reducing bacterial activity was 
also detected in both the tower fi ll sample (200 cfu/gram) and in a cooling 
tower water sample. In addition, analysis of the dried deposit sample from 
the condenser in #6 unit showed a high organic content (i.e., 34 weight % 
loss at 925 ºC), indicating the possibility of fouling by biofi lm. Thus, a once 
every two weeks slug dose (i.e., ~50 lb or ~22.7 kg) of high concentration 
of TowerBrom 60MTM (Occidental Chemical Corporation, TX, USA) (i.e., 
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23.13 Effect of oxidizing biocide feed on admiralty brass under-deposit 
corrosion in a conventional power plant cooling water system using 
brackish water as make-up. 1 mpy = 25.4 µm/y, °C = 5/9 * (°F − 32).
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sodium dichloroisocyanurate + NaBr) was initiated in September 2000. In 
Fig. 23.13, the slug dosing of TowerBrom 60MTM was detected on 15 Sep-
tember 2000 [150.2 mpy (3815 µm/y) at 11:06 a.m.], 2 October 2000 [99.5 mpy 
(2530 µm/y) at 11:21 a.m.] and 16 October 2000 [8.8 mpy (224 µm/y) at 11:06 
a.m.] as sudden spikes of admiralty brass localized corrosion rate. The 
general rates were only increased slightly, e.g., 0.04–0.05 mpy (1.0–1.3 µm/
y), during the same time periods and the increases were not visible in Fig. 
23.13. As shown in Fig. 23.13, the additional slug dose feed TowerBrom 
60MTM was very effective in reducing the admiralty brass under-deposit 
localized corrosion rate rapidly, especially noticeable after the slug dose on 
2 October 2000. By 15 October 2000, the admiralty brass localized corrosion 
rate was reduced to less than 0.2 mpy (5 µm/y). Inspection of the tower basin 
indicated that the additional TowerBrom 60MTM biocide slug dose had 
cleaned up the biomass in the system. The tower water had also become 
clearer. Furthermore, the feed dosage of tolytriazole to maintain the resid-
ual concentration of 1.5 ppm via on-line monitor/controller was reduced 
signifi cantly. Roughly the same localized corrosion rate was observed up to 
December 2000. The admiralty brass general corrosion rate detected by the 
LCM remained largely constant during the same period. Results obtained 
later at the site confi rmed that the optimized cooling water treatments (i.e., 
corrosion and scale inhibitors, biocides) via the help of the LCM were very 
effective in reducing the high admiralty brass localized corrosion rate 
problem in the system.

The results obtained in this study suggest that high microbial activity in 
the system may be one of the major factors in having high under-deposit 
localized corrosion rates being observed on the condensers. Once every two 
weeks slug dose of the bromine based biocide in the summer months, and 
the continued use of existing corrosion, scale inhibitors and biocide treat-
ments, and the associated modern feed control technology could be used 
effectively to meet the needs of the cooling water system.
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24.1 Introduction

In the pulp and paper industry, the equipment used in the pulping process 
includes pressure vessels (digesters), rotary drum washers, multiple-effect 
liquor evaporators, storage tanks, recovery boilers, liquor clarifi ers, etc. 
Most of the equipment used in the pulping mill is fabricated from carbon 
steel (CS). Tubes in high-temperature multiple effect evaporators are rou-
tinely fabricated from stainless steel (SS) because of rapid attack in CS. 
However SS are susceptible to corrosion in this environment (McDonald, 
1969).

Nowadays, the development of corrosion sensors represents a powerful 
tool in the monitoring and diagnosis of corrosion rates and mechanisms. 
Besides, with the proper procedures, it would be possible to establish cor-
relations between corrosion rates and mechanisms with operational vari-
ables (such as temperature, load, relative humidity, pH, etc.) (Hines et al., 
1978). Thus, in corrosion monitoring an important goal is to ascertain the 
conditions leading to materials degradation in order to prevent forced 
outages, and the improvement of maintenance programs (Mansfeld, 
1976).

The present work deals with corrosion monitoring in the pulp and paper 
industry at two main areas of work, i.e. the paper machine, and the mul-
tiple-effect liquor evaporators section (Figure 24.1). In the fi rst case, general 
and localized corrosion problems in the paper machine structure were 
related with paint failure caused in the fi rst place by a high humidity level 
in the environment coupled with the infl uence of various chemical additives 
added at the beginning of the process. Thus, corrosion probes designed to 
use electrochemical noise were installed in different areas on the paper 
machine. In order to identify possible corrosive agents from the environ-
ment further analysis on probe surfaces was carried out after the monitor-
ing period. In this case, potential noise and current noise fl uctuations as a 
function of time were obtained and analyzed. At the same time, the relative 
humidity conditions (%) and temperature were recorded.
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Regarding the multiple-effect evaporation system, the spent liquor 
extracted from the pulp is concentrated to increase the solids content. After 
being exposed to temperatures greater than boiling point, the concentration 
of aggressive compounds in the black liquor increases, and this may cause 
corrosion of the evaporator tubes (Casey, 1990). Subsequently, the heavy 
black liquor is burned in a chemical recovery boiler. In the multiple-effect 
evaporation system, newly designed in-situ corrosion probes were installed 
to determine the corrosion rate of type 304 SS specimens located at three 
selected evaporators. A monitoring probe type was specially designed and 
tested in situ for this purpose during three separate time intervals. To 
ascertain the infl uence of the electrolyte composition, black liquors of three 
different compositions were used. Linear polarization resistance (LPR) and 
Tafel extrapolation were used throughout the monitoring. SEM/EDX 

(a)

(b)

24.1 General view: (a) paper machine and (b) multiple-effect 
evaporation system.
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(Scanning Electron Microscope/Energy Dispersive X-Ray Analysis) was 
used to characterize and evaluate the extent of surface damage on selected 
specimens (Orozco et al., 2001).

24.2 Experimental procedures

24.2.1 Paper machine corrosion

Visual inspection

First, a visual inspection was carried out with the aim of determining the 
most convenient zones for probe installation and monitoring. At selected 
zones in the press room (Figure 24.2), temperature and relative humidity 
measurements were also recorded. The material tested was 1018 carbon 
steel (CS), since this is a common construction material in the paper machine 
structure.

Monitoring probe

The corrosion sensors used here consisted of three 1018 CS electrodes of 
the same size, all separated embedded for a dielectric material (Figure 24.3) 
(Cox et al., 1985). In order to achieve an adequate response, an ionic activa-

24.2 Visual inspections on the paper machine showing areas of 
materials deterioration.
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tion process on the corrosion probes was made as follows: the sensor was 
immersed in potassium hydroxide for one hour at 80 °C. After this, the 
sensor was rinsed with distilled water, dried and treated in hydrochloric acid 
for 30 s at 60 °C to remove any iron oxides remaining on the surface. Finally, 
it was rinsed again with distilled water and dried under a stream of hot air 
(Jasinski, 1986; Jasinski and Efi rd, 1987).

Electrochemical techniques

Here, the electrochemical noise (ECN) technique was used. Current noise 
and potential noise measurements were monitored simultaneously at a 
sampling interval of 1 s. Signals were collected at sampling intervals of 1800 s 
(Hladky et al., 1988; Cottis and Turgoose, 1999; Newman, 1986).

Experimental set-up

The corrosion monitoring involved the application of electrochemical noise 
measurements using a potentiostat/galvanostat/ZRA (Zero Resistance 
Ammeter) in an arrangement of three identical electrodes (working, refer-
ence and counter electrode) made of 1018 CS, which were placed inside the 
probe.

Temperature and relative humidity level

During a programmed outage, temperature and percent relative humidity 
measurements were taken as reference values by using commercial hygrom-

24.3 Corrosion sensor.
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24.4 Location sites (white arrows) for corrosion probes and 
measurements of temperature and relative humidity in the paper 
machine.

eter/thermometer units (Scientifi c Instruments, USA) adjacent to the cor-
rosion sensors. In addition, on the basis of visual inspection results and 
plant statistics, the various locations for the probes and measurements of 
temperature and relative humidity were defi ned through the three levels of 
the paper machine (Figure 24.4). Figure 24.5 shows a fl ow diagram of the 
machine paper indicating with more clarity the location of the corrosion 
probes in their respective sections. The sensors in the operations area were 
identifi ed as 1-O, 2-O, 3-O and 4-O, and those at the transmission area as 
1-T, 2-T, 3-T and 4-T.

24.2.2 Multiple-evaporator system

Material

The material tested was 304 stainless steel (UNS30400), since this is a 
common construction material of evaporator tubes in the black liquor 
process.

Electrolytes

The black liquors evaporated during the test periods were used as electro-
lytes. For each type of black liquor a descaling agent was added as 
follows:

•  oak pine with descaling compound A (or agent A)
•  pine with descaling compound B (or agent B)
•  oak pine with descaling compound C (or agent C).
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Electrochemical techniques

In order to obtain instantaneous information on corrosion rates, linear 
polarization resistance and Tafel extrapolation techniques (see Chapter 3) 
were used (Uruchurtu et al., 1990; Almeraya et al., 2005).

Experimental arrangement

In this case, corrosion monitoring involved the application of electrochemi-
cal techniques using a potentiostat/galvanostat/ZRA in a system of three 
identical electrodes made of 304 SS, which were placed inside the probe.

Monitoring probe

Three similar monitoring probes were constructed, each one for a previ-
ously selected evaporator. Figure 24.6 shows a schematic diagram of a 
typical monitoring probe. Through the design and preparation of the moni-
toring probe (Almeraya et al., 2005), the following activities were carried 
out:

1.  Probe design: the design should withstand the operation conditions of 
the evaporators.

Second section 
 of drying 

First section 

SYMS + IZERCylinder

 of drying 
K
L
1
0
0
0

Presses Bed of 
paper 
formation  

•AUX.
MACHINE

Operation 

Control room 

* Machine operator 

AUX.
MACHINE 
Centrifugals 
cones 

  1-O2-O 
3-O 

4 -O

1-T2-T

3-T4-T

Transmission

24.5 Flow diagram of the paper machine showing the location of 
corrosion sensors 1-O, 2-O, 3-O, 4-O and 1-T, 2-T, 3-T, 4-T in the 
operation and transmission areas, respectively.
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2.  Monitoring port design: the avoidance of leaks and the fulfi llment of 
security standards were of paramount importance.

3.  Operation characteristic of the probe: it should be free to move in the 
radial direction.

4.  Corrosion sensor: it was made of three 304 SS metallic elements of the 
same size, all embedded for a dielectric material. A similar ionic activa-
tion process as the one previously described for the mild steel probe 
was carried out.

A schematic diagram of the evaporators distribution is shown in Figure 
24.7. The selection of evaporators number 2, 3 and 6 as monitoring zones 

Electrode
holder

Sensor 
tube

Reduction
male-female

Globe valve

Monitoring port
welded to the

evaporator and
threaded to the

globe valve
Weld

Flow of
black liquor

24.6 Schematic diagram of the monitoring probe, showing the main 
components.
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24.7 Schematic diagram of the evaporator distribution in the multiple-
evaporator system.
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was based on maintenance records given by the plant. Figure 24.8 pre-
sents a general view of the monitoring sensors located at the various 
evaporators.

24.3 Results and analysis

24.3.1 Paper machine corrosion

The visual inspection coupled with photographic records revealed that cor-
rosion deterioration at the metallic structures was basically caused by paint 
failure. A principal source of this problem is related to the very high levels 
of humidity under operational conditions, particularly at the fi rst steps of 
the paper manufacturing process.

Relative humidity and temperature measurements

Table 24.1 shows the results of relative humidity and temperatures recorded 
during a programmed machine outage. With these values as reference, it is 

(a)

(c)

(b)

24.8 Monitoring sensors installed in: (a) evaporator 6, (b) evaporator 
3, (c) evaporator 2.
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important to note that, under operational conditions, the relative humidity 
is normally well above 80% in the paper machine area. Without any doubt, 
this is an important factor which could lead to paint failure. Thereafter, at 
places where the coating fails, corrosion of the underlying metal can be 
expected to occur as a natural process.

Figure 24.9 (a–d) shows the relative humidity and temperature trends 
obtained with the probes 1-O and 3-O and 1-T and 2-T during approxi-
mately three days of monitoring under operational conditions. The relative 
humidity values are somewhat higher in the transmission area than in the 
operational area. The RH (%) values in the transmission area were above 
90% according to the data obtained for the various probes located in this 
area. If the coating fails, high humidity levels provide optimal conditions 
for steel corrosion. The temperature data obtained in the probes under 
operational conditions ranged from 25 to 30 °C, being somewhat higher 
than those recorded under shutdown conditions, see Table 24.1.

ECN measurements were performed during approximately three days. 
The potential noise time series obtained for the various sensors indicated 
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24.9 Relative humidity and temperature trends obtained with the 
probes 1-O and 3-O (operation area) and 1-T and 2-T (transmission 
area) under operation conditions.
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that most of the potential values recorded are active, whereas the current 
noise shows some fl uctuations over time. Thus, two corrosion probes 1-O 
and 1-T (at operation and transmission areas, respectively) were chosen as 
representatives of the general behavior.

Figure 24.10 shows the current and potential noise time series obtained 
for the aforementioned probes. For the one located at the operation 
area, the current noise fl uctuations were higher than those recorded at 

–5.0x10–5

–4.0x10–5

–3.0x10–5

–2.0x10–5

–1.0x10–5

0.0

1.0x10–5

Time / days

Corrosion sensor 1-O Corrosion sensor 1-O

Corrosion sensor 1-TCorrosion sensor 1-T

321

C
ur

re
nt

 (
m

A
/c

m
2 )

–30

0

30

60

90

120

150

180

Time / days

321

P
ot

en
tia

l (
m

V
)

–3.0x10–6

–2.0x10–6

–1.0x10–6

0.0

1.0x10–6

2.0x10–6

3.0x10–6

4.0x10–6

Time / days

321

C
ur

re
nt

 (
m

A
/c

m
2 )

0

50

100

150

200

250

Time / days

321

P
ot

en
tia

l (
m

V
)

24.10 Current noise and potential noise time series obtained by the 
corrosion sensors 1-O (operation area) and 1-T (transmission area) 
during a three day monitoring trial.

Table 24.1 Relative humidity (%) and temperature measurements in the paper 
machine during a programmed outage

Zones

Percentage of relative humidity (% RH)

Level 1 Level 2 Level 3 Temp.

Oper.* Trans.** Oper. Trans. Oper. Trans. °C

Bed of paper formation 31 38 35 45 – – 20
Press section 30 47 30 48 28 40 24
Press section 28 55 31 – 37 68 21

Notes: * Operation section; ** Transmission section
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the transmission area. To some extent, this behavior might indicate that a 
localized corrosion process is more likely to occur here. It is known that a 
localized corrosion process is frequently associated with current transients 
as pits nucleate, propagate and die. Thus, the simplest approach to data 
analysis and probably one of the most powerful is to examine the time 
records for features that are characteristics of particular types of corrosion. 
Pitting corrosion exhibits larger current transient peaks as compared with 
the ones found in a more stable system, i.e. uniform corrosion (Cottis and 
Turgoose, 1999, Zielinsky et al., 2002, A-Zanki et al., 1988). Again, the 
potential noise time series obtained shows a general trend falling into more 
active (less positive) values. Since the relative humidity level is high, we 
could expect the potential to shift towards more active values. Therefore, 
the likelihood of corrosion increases.

At the end of the monitoring period, i.e. three days, the exposed 
surface of the sensors was examined by SEM/EDX. Figure 24.11 shows 
the surface morphology of sensor 1-O. Elements such as silicon, iron, 
manganese (from the steel) and chlorine, potassium, calcium and carbon 
(the last two from calcium carbonate added as additive in the process) 
were identifi ed. In a similar manner, the analysis at the surface of sensor 
1-T shows that only iron and oxygen peaks were identifi ed, Figure 24.12 
(a and b). Thus, the high moisture content in the environment coupled 
with chlorine develops an aggressive atmosphere in the paper machine 
structure.
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24.11 (a) SEM morphology at the surface of sensor 1-O (1200×) and 
(b) chemical analyses (EDX) on (a) after three days of exposure.
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24.3.2 Evaporator corrosion

Corrosion monitoring

The corrosion monitoring of evaporators 2, 3 and 6 was carried out during 
three periods of time, which were selected according to the liquor of in-
terest. The periods of work and their conditions were as follows

•  Period A: Here, the black liquor is extracted from an 80%–20% mixture 
of oak–pine respectively, plus a descaling agent A.

•  Period B: The black liquor extracted from pine, plus descaling agent 
B.

•  Period C: The black liquor extracted from an 80%–20% mixture of 
oak–pine plus descaling agent C.

Figure 24.13 shows the condensed results of corrosion rates (CR) obtained 
by Tafel extrapolation as a function of the electrolyte in evaporators 2, 3 
and 6. Figure 24.14 shows the results obtained by linear polarization resis-
tance (LPR).

These results show that, in general, the corrosion rates were higher for 
evaporator 2 compared with the ones measured on evaporators 3 and 6, 
where lower corrosion rates were recorded. To explain this result, the fol-
lowing arguments are proposed: fi rst, the black liquors from Oak-Agent A 
and Oak-Agent C caused more corrosion than that obtained with the Pine-
Agent B liquor. This could be due to differences in chemical composition 
of the two oak-based black liquors and the pine-based black liquor. Second, 
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24.12 (a) SEM morphology at the surface of sensor 1-T, and (b) 
chemical analyses (EDX) on (a) after three days of exposure.
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the operation temperature and percentage of dry solids in evaporator 2 was 
higher compared with the other two evaporators.

Overall, the recorded data indicate corrosion rate values somewhat 
higher than those usually found in the industry. This is attributed to the 
fact that Tafel and LPR measurements assume that only a single anodic 
and cathodic reaction is occurring on the metal surface. Because black 
liquor contains many organic and inorganic electroactive species, oxidation 
and reduction reactions other than those involved in the corrosion process 
may not be measured. The descaling agent may modify some reactions 
without changing the corrosion rate (Almeraya et al., 2005).

On evaporator 3, the recorded corrosion rates indicate that the Oak-
Agent A and Pine-Agent B based black liquors were less aggressive than 
Oak-Agent C. A similar behavior was observed on evaporator 6, where the 
evaporation process begins (Salais, 1977). Although the corrosion trends 
were similar irrespective of the technique used, differences and limitations 
can be expected. Thus, in a full evaluation exercise, it will be worth corre-
lating the results with weight loss data or physical measurements and 
inspection of tubes for the sake of comparison.
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24.13 Corrosion rates obtained by Tafel extrapolation on evaporators 
2, 3 and 6 with the various electrolytes.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

C
. R

. (
m

m
/y

)

Effect 2 Effect 3 Effect 6

Oak-pine
descaling agent A

Pine descaling
agent B

Oak-pine
descaling agent C

24.14 Corrosion rates obtained by linear polarization resistance on 
evaporators 2, 3 and 6 with the various electrolytes.



 Corrosion monitoring in the pulp and paper industry 597

kV:15.0

Label:ef2aux2 efecto 2  e. auxiliar particulas 15kv. 2200x. ss13, cps900 Ib48uA ap2 SEI

F:\DX4\EDS\2000\CORROS–1\VICTOR\9ELBCT–1\EF2AUX2.spc

Tilt:0.0 Take-off:35.0 Det Type:SUTW Ros:134 Tc:40

FS:3160 Lsec:100 7-Feb-0 18:09:05

10.00 12.00 14.008.006.004.002.00

EDAX ZAF Quantification (Standardless)
Element Normalized

Element Wt % At % K-Ratio Z A F
C  K
O  K
NaK
S i K
P K
C l K
K K
CaK
C r K
F e K

39.30
37.45
3.98
0.59
034
0.86
0.48

16.00
0.40
0.62

100.00

52.17
37.32
2.76
0.33
0.17
0.39
0.19
6.37
0.12
0.18

100.00

0.1903
0.0870
0.0188
0.0048
0.0029
0.0077
0.0045
0.1496
0.0033
0.0051

1.0288
1.0094
0.9421
0.9552
0.9224
0.9055
0.9083
0.9274
0.8377
0.8343

0.4705
0.2301
0.5015
0.8525
0.9125
0.9796
1.0029
1.0075
0.9949
1.0005

1.0004
1.0001
1.0003
1.0028
1.0052
1.0165
1.0468
1.0008
1.0017
1.0000

Total

O

Na
P

Si Cl K

Ca

Cr Fe

Cr

C

(a) (b)

24.15 Morphology of the 304 steel, after being exposed for three days 
on the evaporator 2; and EDX analysis of the white particles.
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24.16 Morphology of the 304 steel, after being exposed for three days 
on the evaporator 3; and EDX analysis at the surface of the working 
electrode.

Scanning electron microscopy

After exposure to the fl ow environment on each evaporator, some speci-
mens from the monitoring probes were analyzed by SEM/EDX to charac-
terize and evaluate the extent of damage. Figures 24.15 to 24.17 show the 
results. The morphology found on specimens exposed on evaporator 2 
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clearly shows the extent of the attack, see Fig. 24.15. In this case, large areas 
on the specimen were affected. Specimens from evaporator 3 showed less 
surface damage, as can be noted in Fig. 24.16. Overall, the specimens 
exposed on evaporator 6 were less affected, as can be seen in Fig. 24.17. 
The morphologies observed confi rm and support the corrosion rate results 
obtained by the electrochemical techniques on each evaporator. In general, 
high contents of carbon, oxygen, sodium, sulfur and, to a lesser degree, 
chlorine, were found on the affected areas. Thus, possible compounds such 
as sodium carbonate, sodium sulfate or sodium thiosulfate, among others, 
formed by these elements could be responsible for the corrosion observed 
(Orozco et al., 1999). On the whole, the monitoring probe discussed here 
has been shown to be helpful in evaluating the corrosion performance of 
materials exposed under the conditions of the present study.

24.4 Conclusions

24.4.1 Paper machine corrosion

The paper machine disclosed areas of preferential corrosion, being larger 
at the transmission area, as determined by visual inspection. The corrosion 
damage on the steel structure was primarily associated with failure of the 
protective coating. The corrosion monitoring through the sensors imple-
mented here gave a reasonable response. Overall, at the operation area, 
current noise fl uctuations were higher than those recorded in the transmis-
sion area. To some extent, this behavior might indicate that a localized 
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24.17 Morphology of the 304 steel, after being exposed for three days 
on the evaporator 6; and EDX analysis at the surface of the working 
electrode.
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corrosion process is more likely to occur in the former (where chlorine was 
detected by EDX analyses), whereas in the latter a uniform corrosion 
process could be expected.

The high level of humidity (about 100% most of the time) recorded 
during operation conditions develops proper conditions for steel corrosion 
if the coating fails. Potential monitoring at two sections on the paper 
machine indicates a trend toward more active values. According with this, 
it can be expected that the likelihood of corrosion increases. This behavior 
was related with the high humidity levels found (about 100% RH) most 
of the time during operation conditions.

SEM/EDX analyses indicated the presence of elements such as chlorine, 
calcium and potassium on the 1-O sensor surface, whereas for sensor 1-T 
basically ion oxide was identifi ed.

24.4.2 Evaporator corrosion

A corrosion monitoring probe was designed and tested in situ under condi-
tions pertinent to the black liquor evaporation process in the pulp and 
paper plant. Overall, the corrosion rates recorded for evaporator 2 were 
higher than those measured on evaporators 3 and 6. It is thought that this 
behavior could be greatly infl uenced by the temperature conditions and 
changes in the composition of the black liquors on each evaporator during 
the various periods of monitoring. For a given evaporator, the trends in 
corrosion rates measured by Tafel extrapolation and LPR were similar and 
correlate well with the morphological features observed by SEM.

24.5 Acknowledgements

The authors are grateful to Consejo Nacional de Ciencia y Tecnología 
(Mexico), through project 35378-U, for economic support and the facilities 
granted for the realization of this work. The technical assistance of Jair 
Lugo, Gregorio Vazquez and Carlos Barrios is gratefully acknowledged.

24.6 References

Almeraya-Calderon F., Orozco C.V., Gaona-Tiburco, C.C., Borunda-Terrazas, 
A., Nava, J.C., Martinez-Villafane, A. and Mendoza, D.N. (2005) Corrosion 
Monitoring of Type 304 Stainless Steel in a Black Liquor Evaporation Process, 
Materials Performance, 44 (7), 34–37.

A-Zanky I.A., Gill J.S. and Dawson J.L. (1988) Mat. Sci. Forum 8, 463.
Casey James P. (1990) Pulp and Paper: Chemistry and Chemical Technology, 

Volume 1, New York, Wiley Interscience.
Cottis R. and Turgoose S. (1999) Electrochemical Impedance and Noise, Houston, 

TX: NACE Internacional.



600 Techniques for corrosion monitoring

Cox W.M., Farrell D.M. and Dawson J.L. (1985) Corrosion Monitoring for Process 
Control, in Dewpoint Corrosion, D.R. Holmes (ed.), Chichester: Ellis Horwood/
Institution of Corrosion Science and Technology, 191–217.

Hines J.G., Moreland P.J., Rothwell G.P., Rowlands J.C. and Morgan W.R. (1978) 
Industrial Corrosion Monitoring, Department of Industry Committee on Corrosion, 
London, UK: HMSO.

Hladky H., Lomas J.P., John D.G. Eden D.A. and Dawson J.L. (1988) Corrosion 
by Electrochemical Noise: Theory and Practice, Corrosion and Protection Center 
Industrial UMIST, England,

Jasinski R.J. (1986) European Patent Application EP-174468, March 1986, CA105: 
81994P.

Jasinski R.J. and Efi rd K.D. (1987) Electrochemical Corrosion Measurements in 
Crude Oil, Corrosion, 43 (8), 476–478.

MacDonald R.G and Franklin J.N. (1969) The Pulping of Wood, USA, New York: 
MacGraw-Hill, Chapter 1.

Mansfeld B.F. (1976) Effect of uncompensated IR drop on polarization resistance 
measurements, Corrosion, 32 (4), 143–145.

Newman J. J. (1986) Electrochemical Society Proceedings, 86 (7), 139.
Orozco C.V., Almeraya-Calderon F., Gaona-Tiburcio C., Chacon-Nava J.G., 

Borunda-Terrazas A. and Martinez-Villafane A. (2001) Electrochemical Behav-
iour of Stainless Steel 304 in Black Liquor Evaporation Process, 10th Interna-
tional Symposium on Corrosion in the Pulp and Paper Industry. Helsinki, Finland 
VTT Manufacturing Technology.

Orozco C.V., Almeraya F., Gaona C. and Martínez A. (1999) Evaluación del Deteri-
oro por Corrosión en los Tubos de un Evaporador en la Industria del Papel, XXI 
CIMM, Saltillo, Coah, México.

Uruchurtu Ch. J., Malo M.J. and García O.E. (1990) Técnicas Electroquímicas Apli-
cadas Al Control y Seguimiento de le Corrosión, IMICORR. México, D.F.

Salais V. (1977) Critical Components of the Paper Machine: Damage Caused by 
Metallic Corrosion in Pulp and Paper Industry, Corrosion Problems, 2, Houston, 
TX: NACE, USA.

Zielinsky A., Smulko J., Krakowiak A. and Darowicki K. (2002) The stationarity 
characteristics of electrochemical current noise, Anti-Corrosion Methods and 
Materials, 49 (1), 27–32.



25.1 Introduction

Chemical plants manufacture products by the chemical reaction of raw 
materials. The substances used at chemical plants can be combustible, toxic 
and corrosive. Due to these factors, corrosion of facilities is a constant chal-
lenge for chemical plant operators. To help solve this serious problem, it is 
necessary fi rst to learn the cause-and-effect relationship between corrosion 
damage and how the plant is run, and then to take preventive measures 
that are consistent with this relationship. A possible solution is the combi-
nation of monitoring chronological data for plant operations while evaluat-
ing simultaneously the progress of corrosion, then subsequently analyzing 
the complex interactions observed using these measurements. However, in 
order to accomplish this, a device is necessary that can measure simultane-
ously the plant operation and corrosion data corresponding to the target 
fault condition. For this reason, there has been a requirement for monitor-
ing devices that can measure real-time corrosion in chemical plant facilities 
used for production. Chemical plant corrosion damage has been ascribed 
to raw material quality, operational conditions, and to other process factors, 
so in the past it has been diffi cult to propose changes to the operational 
conditions or other measures to prevent corrosion, unless the causes of 
corrosion were identifi ed. This holds true even with changes of the service 
conditions, which have become increasingly sophisticated.

As discussed in Chapter 4, one method to identify the causes of corrosion 
and formulate preventive measures is the use of electrochemical noise (EN) 
measurements to measure general corrosion. Recently developed electro-
chemical noise measurements are gaining attention as a means to measure 
real-time corrosion of facilities. This chapter focuses on the issues and 
countermeasures involved in applying the measurement method to actual 
plants. Also reported is an example where a combination of laboratory tests 
and corrosion monitoring was applied to an actual chemical plant, in order 
to identify the causes of corrosion, and to consider and verify measures for 
the prevention of corrosion.

25
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25.2 Investigation

25.2.1 Principles of the tri-electrode electrochemical 
noise measurement

The development history and principles of electrochemical noise methods 
has been described in detail in Chapter 4. This section presents a summary 
of the working principle for the electrochemical noise (EN) measurement 
methodology, which has been applied to investigate general corrosion using 
a sensor with three electrodes. Mansfeld and Xiao examined this electro-
chemical noise method. Eden et al.2 proposed methodologies for the mea-
surement of electrochemical noise using three electrodes, calculating the 
corrosion rate, and identifying the type of corrosion. Based on this research, 
the present author and co-workers at Mitsubishi Chemical Corporation 
(Japan) conducted experiments and analyzed data obtained from experi-
mental observations. These efforts allowed the measurement methodology 
to be improved after reconsidering the issues that previous research had 
failed to clarify or explain.

Figure 25.1 is a schematic representation of the devices used for the tri-
electrode electrochemical noise measurement. Three metal electrodes of 
the same material were used with a zero-resistant ammeter installed between 
two of them and an electrometer connected to the remaining electrode, 
which was used for comparison.

One of the features of this measurement method is that there is no need 
to apply an external electric current to the electrodes while measuring. In 
short, this method measures the corrosion occurring at the electrodes, and 
under natural conditions so that it should not disturb the electrochemical 
interface on the working surface of the sensor.

Cathode

A: Zero resistance ammeter V: Electrometer

Anode
e-

Corrosive media

A V

25.1 A schematic representation of the devices used for the tri-
electrode electrochemical noise measurement.
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On the electrodes, multiple anodes and cathodes work together during 
corrosion activity. Generally, it is impossible to measure externally what is 
occurring at the individual anodes and cathodes under natural conditions. 
However, when the two electrodes are connected by the ammeter, some of 
the electrons generated by corrosive reactions, which occur at the anodes 
and cathodes in the proximity of the connection, interact with the imped-
ance of the electrochemical double layer, thereby causing the corrosion 
potential to fl uctuate and this perturbation is monitored by the electrome-
ter. The electrode connected by the electrometer on the right-hand side of 
Fig. 25.1 functions as the reference electrode. Figure 25.2 shows an example 
of measurement data obtained with this method.

Examination of the chronological changes in corrosive reactions at an 
anode and cathode pair, at a microscopic level, reveals subtle variations in 
the rate of the corrosive reactions depending on factors that include the 
supply rate of the oxidizer within the solution, and the speed of mobile ions. 
These microscopic changes within a tiny fraction of time are called fl uctua-
tions of corrosion. It was supposed that, within a very short period of time, 
the ratio of the changes in the electric current to that in the potential 
remains the same, unaffected by the changes in corrosive reactions occur-
ring at the anode and cathode. The tri-electrode electrochemical noise 
measurement of uniform corrosion rates originated with consideration of 
such fl uctuations of corrosion. While corrosion progresses on the macro 
scale, measurement and collection of data at very short time intervals 
should result in measurements unaffected by the corrosion cycle at the 
anode/cathode pair.

Based on this basic concept, and in an analogy to Ohm’s Law, the ratio 
of change in the current, dI, and the corresponding change in the potential, 
dE, can be used to calculate the noise resistance, Rn, relevant to the corro-
sive reaction rate:

Rn = dE/dI [25.1]

Potential

Current

Time

25.2 An example of measurement data obtained with electrochemical 
noise method.
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However, during actual measurement, the Rn differs signifi cantly among 
different measurements taken. Therefore, the standard deviations of the 
data measured during a specifi ed measurement time (DI: standard deviation 
of the current, DE: standard deviation of the potential) were computed and 
used to obtain an average value for Rn. Different time periods of measure-
ment were investigated in order to fi nd one with the fewest fl uctuations in 
the measurement.

Rn = DE/DI [25.2]

The current indication from the zero resistance ammeter should be a 
representative sample of the electron fl ow rate between the anodes and 
the cathodes, generated in the proximity of the two electrodes. However, 
since the actual areas occupied by the anodes and the cathodes are unknown, 
in addition to the ratio of the anode to the cathode divided between the 
electrodes, we are unable to evaluate the values related to the measured 
current in terms of corrosion current density.

For this reason, we introduced the coeffi cient of corrosion, G, as a con-
stant of proportion between the corrosion rate (CR) and 1/Rn:

CR = G/Rn [25.3]

where CR is the corrosion rate (mm/y), G is the coeffi cient of corrosion, 
and Rn is the noise resistance. The corrosion coeffi cient is not the same 
across all the areas of measurement. Even within a solution containing the 
same substances, if the density of the solution and/or other factors change 
and alter how the corrosion proceeds, the corrosion coeffi cient also must 
be altered. Eden et al.2 employed a constant of proportion, obtained from 
the Tafel gradient, as the constant of proportion between CR and Rn. This 
was somewhat similar to the common polarization resistance method as 
described in Chapter 3. Still, as mentioned above, the area occupied by the 
anode may not be constant and therefore the use of such a constant of 
proportion cannot be considered appropriate.

Figure 25.3 summarizes the measurement device that was developed in 
accordance with the principles of the tri-electrode electrochemical noise 
measurement. This measurement device consisted of a data analyzer, a 
measurement section, and a tank containing the test solution into which the 
sensor was introduced. The data analyzer has two functions; one that 
outputs analysis results of chronological changes in the electrode potential 
and current measured, and a second that sets the data collection interval, 
a crucial feature of the tri-electrode electrochemical noise measurement 
methodology. The measurement section had a zero resistance ammeter (A) 
between two of the three electrodes and an electrometer (V) connecting 
the remaining electrode. The electrodes were placed within the solution 
while measurements were taken.
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25.2.2 Verifi cation of the tri-electrode electrochemical 
noise measurement

Tests were conducted to verify whether the tri-electrode electrochemical 
noise measurement is applicable to the evaluation of uniform corrosion 
behavior. In these tests, we attempted to confi rm that a correlation existed 
between the corrosion rate obtained by the weight loss method and the 
Rn value obtained by the tri-electrode electrochemical noise measurement. 
We employed solutions of the same substances, but with different 
concentrations.

The measuring device was a S11280B manufactured by Solartron of the 
UK, and the measurement specifi cations were as follows:

• number of cell electrodes: compatible with 2, 3 and 4 terminals
• range of current measurement resistance: 0.1 Ω to 1 MΩ
• range of current: 200 nA to 2 A
• maximum resolution: 1 pA.

The test sample, made from stainless steel (SUS304: UNS S30400), was 
a cylinder of 10 mm in diameter and 32 mm in length. The solutions used 
were four different concentrations of HCl solutions, each containing 100 cm3 
of distilled water and HCl concentrations of 10.0%, 5.0%, 1.0%, and 
0.5%.

A V

1

2

1 Data analysis system and measurement equipment 
2 Test cell







25.3 The principles of the tri-electrode electrochemical noise 
measurement system.
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Figure 25.4 shows the values of the corrosion rate calculated using the 
weight loss method, and the Rn calculated with the tri-electrode electro-
chemical noise measurement. The Figure indicates a proportionality rela-
tionship between the corrosion rate from the weight loss method and the 
inverse of the Rn value from the tri-electrode electrochemical noise mea-
surement. Thus, these tests confi rmed that the tri-electrode electrochemical 
noise measurement was able to measure uniform corrosion, so long as an 
appropriate coeffi cient of corrosion was obtained from laboratory tests.

25.3 Monitoring and corrosion control

25.3.1 Outline description of the example chemical process 
plant and the corrosion damage sustained by it

The case of a corrosion monitor used to measure corrosion of heat exchang-
ers at a chemical plant is presented. Figure 25.5 shows the process fl ow at 
the chemical plant. In the process, organic solution and organic gas were 
fed into a reactor, where they reacted to generate the intended product and 
its byproducts. The product then was refi ned in processes that followed. 
The organic solution was made from a solid substance, which was dissolved 
in an agitator tank and then fed into the reactor. Solution feeding must be 
performed at a constant temperature so as to stabilize the reaction. For this 
reason, part of the feed solution was branched into a heat exchanger and 
then fed back into the dissolving tank, in order to adjust the solution tem-
perature. The heat exchanger generated steam for control of the solution 
temperature. This heat exchanger, which controlled the solution tempera-
ture, was the equipment that had corroded and the inside of its tube was 
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25.4 The values of the corrosion rate calculated using the weight loss 
method, and the Rn calculated with the tri-electrode electrochemical 
noise measurement.
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especially damaged. The raw material solution is fed into the tube while 
some boiler water is fed into the exchanger’s shell and comes out as steam. 
The tube is designed to allow the solution to fl ow at approximately 1.0 m/s. 
The raw material melting point is 140 °C and the exchanger is kept at 
approximately 150 °C when operating. The tube is made of SUS321 (UNS 
S32100).

Although the exchanger had been used for almost 20 years since instal-
lation, the tube damage had only become apparent three to four years ago. 
The operational information showed that there had not been a change in 
the raw material or the exchanger operating conditions. Figure 25.6 shows 
a photograph of the corroded heat exchanger and the extent to which the 
tube was damaged. The damage to the tube shows signs of erosion corro-
sion. To solve this corrosion problem, measurements were performed using 
an electrochemical noise corrosion monitor and the results considered to 
establish how to prevent the corrosion.

25.3.2 Preparations for the measurements

In order to measure the corrosion with the monitor, it was fi rst necessary 
to obtain a coeffi cient of corrosion that fi tted the relevant materials and 
environment. Thus, the laboratory test equipment was confi gured for use 
with the same solution and materials as were used in the plant heat 
exchanger. A preparatory measurement was then made using the tri-
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tank

Stack

Reactor

Separator

Water

Control
heat exchanger

Gas feed compressor

Melting
drum

Material

25.5 The process fl ow at the chemical plant.
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electrode electrochemical noise system to determine example data, and 
thence to calculate the coeffi cient of corrosion. During these measurements, 
special attention was given to observation of the surface of the electrodes, 
so that it could be confi rmed that their condition was similar to damage 
observed in the actual heat exchanger. Additionally, it was confi rmed that 
there was a correlation between the corrosion phenomena on the surface 
of the electrodes and the noise resistance patterns in the current and 
potential data collected. These observations were crucial to confi rm that the 
correct measurements were being made to refl ect conditions in the actual 
(plant) heat exchanger.

The coeffi cient of corrosion was obtained from Rn value determined with 
the tri-electrode electrochemical noise measurement and the physical cor-
rosion rate determined from the weight loss values. A preparatory test was 
conducted within the sample solution using SUS321 electrodes. The mea-
surement results enabled a corrosion coeffi cient of 103.9 to be calculated, 
which was used to calibrate the corrosion monitor. This coeffi cient was 
entered into the corrosion monitor software program. Subsequently, the 
coeffi cient value was fi ne tuned at the end of the test to better refl ect plant 
conditions after measuring the weight loss of the sensor electrode at an 
overhaul inspection.

25.3.3 Installing the measurement equipment

The actual measurement equipment consisted of a data analyzer, a data-
measuring device and a sensor. The data analyzer evaluates the data col-

Heat exchanger

(a) (b) (c)

Tube inside

25.6 A photograph of the corroded heat exchanger and the extent to 
which the tube was damaged.
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lected and outputs the rate of corrosion. The data measurement device 
measures changes in the corrosive reactions occurring at the sensor elec-
trode. The structure of the measurement equipment is such that this sensor 
was inserted through an access nozzle in the exchanger and held in place 
with a fl ange. The sensor and the data measurement device were connected 
with a shielded cable because they measure a very subtle current and 
voltage signals and this requires protection from outside interference. With 
regard to attenuation of electrical signals, tests were performed with a cable 
actually installed, confi rming that the infl uence of extraneous signals was 
negligible so long as the probe cable was less that 200 m in length. For the 
actual measurement with the corrosion monitor, the data analyzer and the 
data measurement device were placed in a meter room and the sensor was 
located at the nozzle of the heat exchanger, the subject of the measurement. 
Figure 25.7 shows a photograph of the measurement devices installed in 
the meter room. The measurement devices used for the actual measure-
ment of the heat exchanger were developed from devices manufactured 
by Mitsubishi Chemical Corporation (Japan), and the data output format 
could be changed as desired. Measurement in an actual chemical plant can 
be affected by stray currents and other factors, and counteracting these 
types of interference is a very important issue. Corrosion was successfully 
measured without disturbance from such factors, even though the actual 
measurement was made beside a power station.

Analysis of the corrosion data was performed without any major 
problems. Currently, some 20 corrosion measurement units are in 
operation at Mitsubishi Chemical Corporation and its affi liates. Of these, 
the oldest unit has been taking measurements since 1997 and is still 
operational.

Data analysis system

(a) (b)

(c)

Measurement equipment Sensor

25.7 A photograph of the measurement devices installed in the meter 
room.
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25.3.4 Monitoring and its results

The corrosion monitoring measurement on the heat exchanger installation 
began in June 1999, and the data obtained are shown in Fig. 25.8. The 
measurement results show a corrosion rate (approximately 1.0 mm/y), 
which is lower than that calculated from the actual corrosion loss measured 
at the initial overhaul inspection. Therefore, the change in the operation of 
the heat exchanger was evaluated over time. It was discovered that raw 
materials from two different manufacturers (Corporations A and B) were 
being used alternately. The damage was particularly marked when material 
from Corporation A was employed.

Since April 1999, materials from the two corporations had been used 
alternately. It was assumed, therefore, that while material from either of 
these two suppliers was fed for a certain period of time, the material from 
the other supplier was then fed to the heat exchanger before there was a 
complete replacement of the materials within the heat exchanger. It was 
supposed that this coexistence of materials from both suppliers lowered the 
actual corrosion rate.

For monitoring purposes, the division responsible for operation of the 
heat exchanger and its production line was asked to feed only the material 
from Corporation A for a period of time. Figure 25.9 shows the results of 
corrosion monitoring while only the material from Corporation A was fed. 
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25.8 The corrosion monitoring measurement data on the heat 
exchanger installation began in June 1999.
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It was observed that the corrosion rate obtained from the data actually 
measured was very close to that (approximately 1.0 mm/y) calculated for 
the corrosion loss at the initial overhaul inspection. This indicated that 
using only the material from Corporation A worsened the extent of 
corrosion.

To reveal what was in the material that caused this increased corrosion, 
the solution within the heat exchanger was sampled and its composition 
was analyzed. It was found that the difference was in the sulfur content. 
Therefore, a laboratory test was conducted to determine the relationship 
between the sulfur content and the corrosion rate. The test results are 
shown in Fig. 25.10, and they showed that sulfur added to the material 
drastically aggravated the corrosion rate. The cause of the corrosion was 
confi rmed to be sulfur content in the material feed.

The way in which sulfur entered the material was then investigated and 
it was found that the contamination with sulfur occurred while the material, 
a solid substance, was moved on a belt conveyor that also was used to carry 
other substances. Thus, the sulfur content in the other material entered 
the feedstock under investigation. Because the mixing of sulfur was 
inconsistent, the analyses performed at the time had not identifi ed sulfur 
in the material.

In June 2000, the plant staff improved quality control of the raw materi-
als, and as Fig. 25.11 shows, the corrosion rate decreased to 0.05 mm/y or 
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25.9 The corrosion monitoring measurement data on the heat 
exchanger installation began in June 2000.



612 Techniques for corrosion monitoring

less. In this study, we achieved the effective combination of on-site facility 
monitoring and laboratory tests, identifi ed the cause of corrosion, and even 
verifi ed the effectiveness of a proposed measure by conducting corrosion 
monitoring. These fi ndings illustrate well the importance of on-site monitor-
ing, as many different factors typically combine to cause corrosion at chemi-
cal plants.

1.0E+01

1.0E–01

1.0E–02

1.0E–03

1.0E–04

1.0E+00

C
or

ro
si

on
 r

at
e 

(m
m

/y
)

6/1 7/1 8/1 9/1 10/1 11/1 12/2

Date

1/1 2/1 3/4 4/4 5/4

25.11 The corrosion monitoring measurement data on the heat 
exchanger installation begun in June 2001.
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25.4 Conclusion

At Mitsubishi Chemical Corporation, corrosion was monitored and con-
trolled at an operating chemical plant using tri-electrode electrochemical 
noise measurements. It was confi rmed that the tri-electrode measurement 
is an effective method for the measurement of uniform corrosion in actual 
sites at a chemical plant.
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26.1 Introduction

Cathodic protection (CP) is widely used to protect metallic structures and 
components in many industries, including infrastructure, transportation, oil 
and gas transmission and chemical processes. According to a recent NACE 
report,1 the total estimated cost for cathodic and anodic protection in the 
United States alone in 1998 was $2.22 billion, of which the majority cost 
was associated with the CP. The protection provided by the CP depends 
on the distribution of the cathodic current density. Due to the variations in 
geometry of protected structures or components, or to the location of 
anodes, certain areas of the protected structure or component may not 
receive the minimum cathodic current density that is required to provide 
suffi cient protection. Corrosion may take place in these areas and cause 
catastrophic failures, if not identifi ed and mitigated at an early stage. 
Because corrosion in these areas is not easily detected, an effective moni-
toring technique is required to identify the problem at an early stage, in 
order to alleviate the problem in a timely manner. An online monitoring 
tool placed near these hard-to-protect and critical locations may provide a 
real-time indication of the effectiveness of the CP system. Often, the pro-
tection potential or current density is set at overly conservative values. An 
online monitoring tool may make it possible to automate the CP system, 
to enable the protection current or potential to be set at a value that is just 
suffi cient to protect the critical areas and that, at the same time, can reduce 
the cost involved in the process. In addition, the values of conservative 
potentials or current densities for different applications are often deter-
mined on the basis of past experiences or tests conducted under only 
selected conditions. These values may be either insuffi cient or excessive, 
when the conditions in the fi eld change. Therefore, an online corrosion 
monitor that works under cathodic protection conditions is an ideal tool 
for both the real-time monitoring of the effectiveness of the CP system and 
for minimizing the cost of the process.

26
Corrosion monitoring under cathodic 

protection conditions using multielectrode 
array sensors

X I AO D O N G  S U N, Corr Instruments LLC, 
San Antonio, Texas, USA
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Coupled multielectrode array sensors (CMAS) have been extensively 
used as in situ and online monitors for corrosion, especially localized cor-
rosion, in laboratories and industry applications.2–15 In this chapter, the use 
of coupled multielectrode corrosion sensors as online monitors under 
cathodic protection conditions was reviewed. The experimental results of 
corrosion rates of several cathodically protected metals in simulated sea-
water, soil, concrete and drinking water are presented.

26.2 Corrosion rate measurements for cathodically 

protected systems using CMAS probes

The principle of the CMAS probes has been described in Chapter 8. 
A nanoCorrTM CMAS analyzer (Model A-50) is shown in Figure 26.1 
(nanoCorr is a trade mark of Corr Instruments, LLC., USA). This CMAS 
analyzer has a current resolution of 10−12 A and allows the measurement of 
coupling currents up to 50 electrodes in up to six separate probes at the 
same time. Figure 26.2 shows the wiring diagram between a CMAS probe 
and the CMAS analyzer when the probe was used to measure corrosion 
under cathodic protection conditions. In a CMAS analyzer, the coupling 
joint is essentially at the same potential of the CMAS probe. Therefore, 
the cathodically protected system (the metal block in Figure 26.2) was 

26.1 Typical coupled multielectrode array sensor analyzers for 
corrosion monitoring of cathodically protected systems, courtesy of 
Corr Instruments LLC.
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connected to the coupling joint of the CMAS analyzer so that the sensing 
elements (the multiple electrodes) of the CMAS probe would have the 
same degree of protection as the cathodically protected metal block. In Fig. 
26.2, the cathodic protection was provided by a power source (battery). This 
power source is not needed if the anode is a sacrifi cial anode. The electrolyte 
was either a liquid such as seawater, or a wet solid-water mixture such as 
concrete or soil. The reference electrode was used to indicate the protection 
potential. It should be noted that the reference electrode was not required 
for the measurements of the corrosion rate by the CMAS probe; it was used 
to gain information to understand how the cathodic protection systems 
functioned.

The CMAS analyzer was interfaced with a notebook computer and 
the factory-supplied software, CorrVisualTM, was used for data acquisition 
(CorrVisual is a trade mark of Corr Instruments, LLC, USA). The currents 
from each electrode of a CMAS probe, the electrochemical potential of 
each probe, and the temperature were logged at a pre-determined interval 
(usually 1 to 5 minutes) and saved in a computer fi le. Processed signals, 
such as the maximum localized corrosion current, the cumulative charge 
for each sensor, and the corrosion rate and cumulative corrosion damage 
(or penetration depth) for each sensor were also saved in one or more 
separate data fi les. During the measurements, all the directly measured 
currents and the processed results (such as the minimum current, maximum 
current, mean current, current densities, corrosion rates, cumulative charges, 

Reference
electrode

Multi-
electrode

probe

CMAS analyzer
Reference
electrode

Probe
connector

Electrolyte

Electrode 
coupling 
joint

CP
anode

Battery

Metal
block
under

CP
protection

26.2 Connections of probes and the cathodically protected systems to 
the CMAS analyzers during the measurement of corrosion of 
cathodically protected systems.
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penetration depth and electrochemical potentials), as well as the set-up 
parameters for data acquisition, were also dynamically available from the 
computer screen in both numerical and graphical forms. Figure 26.3 shows 
some of the typically displayed parameters.

26.3 Measurements of localized corrosion rates of 

carbon steel in simulated seawater

The maximum localized corrosion rate of carbon steel was measured in 
simulated seawater under different cathodic protection potentials.10 The 
sensing electrodes of the coupled multielectrode sensor probes were made 
from an annealed mild carbon steel wire (concrete rebar wire), 1.5 mm in 
diameter and 1.77 mm2 in electrode surface area. Each probe had 16 elec-
trodes fl ush-mounted in epoxy. Typical probes that were used in the experi-
ment are shown in Fig. 26.4. Prior to the test, the surfaces of sensing 
electrodes for each multielectrode probe were polished to 320 Grit and 
rinsed with distilled water and acetone. The experiments were conducted 
at 27 °C. Typical maximum localized corrosion rates from two carbon steel 
probes and the cathodic protection potential are shown in Fig. 26.5. The 
maximum localized corrosion current density signal for each probe was 
automatically calculated by the factory-supplied software based on the 
current from the most corroding or the most active electrode in the probe 
(see Chapter 8).2

Corrosion rate Corrosion depth

Corrosion current densityCorrosion current

C-Rate
(µm/y) Depth

(mil)

I
(pA)

I
(pA/cm2)

26.3 Typical real-time displayed parameters by CMAS analyzer 
software during the measurement of corrosion rate for cathodically 
protected systems.
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As can be seen from Figure 26.5, at the start of the test, the cathodic 
protection potential was controlled near the free open-circuit potential, by 
connecting the common joints of the probes to a separate large carbon steel 
coil that was made from the same wire as the sensing electrodes. The signal 
was 8 × 10−5 to 1.2 × 10−4 A/cm2 (corresponding to approximately 1 mm/y) 
at the free open-circuit potential, which is consistent with the result mea-
sured in the same solution.8 The corrosion signals increased to approxi-
mately 2 × 10−3 A/cm2 (corresponding to approximately 30 mm/y), when 
the potential was increased by approximately 0.08 V. The increase in the 

26.4 Typical coupled multielectrode array sensor probes used in the 
experiments.
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potential was to simulate the scenario when an operator incorrectly con-
nected the polarity of the cathodic protection power source. The high cor-
rosion current for the CMAS probes effectively indicated the adverse effect 
of an incorrectly connected cathodic protection system.

After the short-term anodic polarization which simulated the reversed 
polarity of the cathodic protection, the potential was slowly changed in the 
cathodic direction. The maximum localized corrosion current density grad-
ually decreased with the decrease of the potential, and sharply dropped to 
near zero when the potential was near a critical potential and remained 
below zero (not shown in Fig. 26.5) when the cathodic protection potential 
was below this critical potential.

26.3.1 Measurement of critical protection potential

As described in the above section, the maximum localized corrosion current 
became near-zero and the sensing element of the probe was fully protected 
when the cathodic protection potential was near or close to a critical 
potential. In this chapter, such a critical potential is defi ned as the critical 
protection potential (CPP) which is the highest potential at which all the 
probe electrodes are fully protected (or the most anodic electrode is fully 
protected).

Figure 26.6 depicts the responses of the absolute values of the probe 
maximum localized corrosion current densities near the critical protection 
potential. The corrosion current densities stabilized at −4 × 10−5 A/cm2 for 
Probe #2, at −3 × 10−6 A/cm2 for Probe #1, and were relatively independent 
of the potential, when the cathodic protection potential was changed 
between the value slightly below the critical protection potential and 
−1.18 VSCE. In Fig. 26.6, the corrosion signals were the current densities 
measured from the most corroding or most active electrode among all the 
sensing electrodes in the probes. The negative corrosion signal suggests that 
the most active electrode in the probe was actually a cathode (equivalent 
to the most active site in a metal piece being a cathodic site) and was effec-
tively protected, when the potential was below the critical protection poten-
tial. This implies that all the electrodes in the probe (equivalent to all areas 
of the metal piece) were effectively protected by the cathodic protection, 
when the potential was below the critical protection potential.

26.3.2 Measurement of corrosion rate under cathodic 
protection conditions

Three probes (Probes #1, #2 and #3) were used in the measurements. Probe 
#1 was cathodically polarized to approximately −0.9 VSCE, which is well 
below the critical protection potential. Probe #2 was slightly anodically 
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polarized, to simulate a faulty polarity connection in the cathodic protec-
tion system. Probe #3 was left at the free corrosion potential, to simulate 
an ineffi cient protection from the cathodic protection system or the unpro-
tected condition. Figure 26.7 shows the measured corrosion current density 
signals and the potentials of the three probes during the monitoring period. 
In Figure 26.7, the corrosion current density signal for each probe was 
automatically calculated by the software based on the most anodic elec-
trode2 during the measurement. The corrosion current from Probe #1 was 
negative throughout the monitoring period, indicating that there was no 
corrosion on the sensing electrodes of Probe #1. The corrosion current of 
Probe #3 was approximately 10−4 A/cm2 during the fi rst four days of moni-
toring and decreased to approximately 10−5 A/cm2 on the fi fth day. The 
corrosion current signal from Probe #2 was approximately 10−3 A/cm2 
throughout the monitoring period, indicating that the corrosion increased 
by more than one order of magnitude, when the potential was raised by 
approximately 0.07 V from the free corrosion potential. The slight decrease 
of the free corrosion potential of Probe #3 over the monitoring period was 
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upon reaching the critical protection potential, indicating there was no 
corrosion on the sensing electrodes when the potential was below the 
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probably due to the pH increase caused by the relatively large cathodic 
reaction of oxygen on the stainless steel counter electrode used to anodi-
cally polarize Probe #2. At the end of the test, a large amount of rust deposit 
was observed in the electrochemical cell, suggesting a high pH solution.

The maximum localized corrosion rates for the three probes were also 
available from the software during the measurement (Figure 26.8). The 
maximum localized corrosion rate of the unprotected probe – Probe #2 – 
in the fi rst four days was approximately the same as the value measured in 
the previous measurements, which were conducted with similar probes 
in the simulated seawater. However, the rate was slightly lower after the 
fi fth day. The difference between the values measured in the fi rst four days 
and the values measured after the fi fth day (Fig. 26.8) is within the expected 
range of variations for maximum localized corrosion rates in a given envi-
ronment. The maximum localized corrosion rate for Probe #1 was auto-
matically set to the lower detection limit of the instrument by the software 
because its corrosion current signal was negative, indicating that there was 
no corrosion.

Figure 26.9 shows the appearance of the probe electrodes after the moni-
toring period. Clearly, all the electrodes of Probe #2 (except the one with 
a faulty connection at the location of row 3 and column 2) were severely 
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was negative (−6 × 10−6 to −1 × 10−5 A/cm2), indicating no corrosion 
was taking place on sensor #1 electrodes.
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corroded. Slight pitting corrosion can be noticed on some of the electrodes 
of Probe #3. No signifi cant pitting corrosion was observed on the electrodes 
of Probe #1. The result, as shown in Fig. 26.9, is in agreement with the 
measured corrosion rate shown in Fig. 26.8. In addition, Fig. 26.8 shows 
that, on average, the maximum localized corrosion rate for Probe #2 was 
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26.8 Measured corrosion rate during the monitoring period. Sensor 1 
corrosion rate was set to the lower detection limit (1.4 nm/year) by the 
instrument, because its current was negative, indicating there was no 
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26.9 Appearances of the electrodes of sensors after the monitoring 
period. Sensor #-1 electrodes were cathodically protected. Sensor #-2 
electrodes were anodically polarized except the shiny one that had a 
faulty connection (at row 3 and column 2). Sensor #-3 electrodes were 
maintained near the free corrosion potential. The electrode outside the 
4 by 4 matrix in each sensor was used as a position locator and was 
not part of the sensing electrodes.



 Corrosion monitoring under cathodic protection conditions 623

12.7 mm/y. Hence, the total penetration depth for the most corroded elec-
trode on Pensor #2 should be 0.38 mm, after the 11 days of exposure. The 
measured depth of the most corroded electrode on Probe #2, as shown in 
Fig. 26.9, was approximately 0.4 mm, which is in excellent agreement with 
the depth estimated by the coupled multielectrode probe.

26.3.3 Summary

It was demonstrated that coupled multielectrode array sensor probes are 
effective tools for real-time measurement of the critical protection potential 
for cathodic protection. The probes can also be used as online tools to 
measure the localized corrosion rate under given cathodic protection poten-
tials. If placed near the critical locations of engineering components, they 
can be used to detect either the effectiveness or faulty conditions of the 
cathodic protection system in real-time.

26.4 Measurements of localized corrosion rates of 

carbon steel in concrete

Steel reinforcements in concrete structures exposed to aggressive condi-
tions, such as marine environments and de-icing salts, are subject to corro-
sion degradation and signifi cant reductions in their service lives. This section 
presents the real-time measurements of localized corrosion rates for carbon 
steel in concrete with and without cathodic protections.11 This measurement 
was conducted in an effort to understand the corrosion behavior of the 
carbon steel reinforcement rebars in concrete.

Figure 26.10 shows the experimental setup during the measurements. 
Two CMAS probes were vertically buried into a commercial grade 
concrete-sand mixture, which was initially mixed with distilled water. The 
concrete was formed in a plastic container with a dimension of 37 cm 
(length) × 25 cm (width) × 16 cm (height) and cured while it was submerged 
in distilled water. Corrosion rate measurements were taken shortly before 
the probes were buried into the concrete and then continued for approxi-
mately seven days, while the concrete was continuously submerged in dis-
tilled water. On the seventh day, the concrete was removed from the plastic 
container and partially immersed in a shallow bath fi lled with simulated 
seawater.

At the end of the fi rst month of the test, cathodic protection was applied 
by connecting the aluminum wire electrodes that acted as the sacrifi cial 
anode to the common coupling joint of the CMAS system (see Figs 26.1 
and 26.2). These aluminum wires were vertically buried near the probes.

A saturated calomel electrode (SCE) was dipped into a hole in the con-
crete, formed during the curing, between the two CMAS probes and was 
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used as the reference electrode for the measurement of the cathodic protec-
tion potential of the probes. Distilled water was added to the hole periodi-
cally to maintain the conducting path between the reference electrode and 
the two probes. The sensing electrodes were made from carbon steel 
concrete rebar wire (1.5 mm in diameter and 1.77 mm2 in electrode surface 
area). Each probe had 16 electrodes fl ush-mounted in epoxy. Prior to the 
test, the surfaces of the sensing electrodes for each multielectrode array 
sensor probe were polished to 600 Grit and rinsed fi rst with distilled water 
and then with acetone. The experiment was conducted at about 27 °C.

26.4.1 Localized corrosion of carbon steel in freshly 
mixed concrete

The maximum localized corrosion rates from the two CMAS steel probes 
in the fi rst month of the test (with no cathodic protection) are shown in Fig. 
26.11. The maximum localized corrosion rates were calculated by the soft-
ware using the current from the most corroding (also called the most active 
electrode) among all the sensing electrodes on a probe. Upon placing the 
probes into the freshly mixed concrete (with distilled water initially), the 
corrosion rate from the two probes instantaneously increased to approxi-
mately 70 µm/y* (2.8 mil/y (or mpy)). The corrosion rate decreased rapidly 
to about 4 µm/y in the fi rst 20 hours and slowly to 3 µm/y in the fi rst seven 
days while the concrete was submerged in distilled water. This decrease in 
corrosion rate indicates that the carbon steel was passivated by the alkaline 

Filled with salt solution

Al anodes

Ref. electrode

CMAS 
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made of 
carbon 
steel

CMAS 
analyzer

26.10 Experimental setup for the measurement of localized corrosion 
rate in concrete. 
Note: The aluminum anodes were used for cathodic protection during 
the test.
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environment generated by the concrete. The corrosion rate stayed at about 
2 µm/y for Probe #2, and continued to decrease for Probe #1 after the con-
crete was taken out of the distilled water bath and partially immersed in a 
shallow simulated seawater bath. The corrosion rate of Probe #1 reached 
0.85 µm/y at the end of the fi rst month of the measurements.

26.4.2 Localized corrosion rate during cathodic protection

Figure 26.12 shows the response of the corrosion rates and the potentials 
from the two probes to cathodic protection. Upon the connection between 
the common joints of the CMAS analyzer to the sacrifi cial aluminum 
anodes, the electrochemical potential of Probe #1 decreased from 
−0.735 V(SCE) to −1.27 V(SCE), and the corrosion rates of both probes 
dropped to 1.3 nm/y, which is below the lower detection limit of the CMAS 
analyzer (10 nm/y), suggesting that the carbon steel material in the two 
probes was adequately protected. When the cathodic protection was 
removed, the potential returned to −1.0 V(SCE), which is signifi cantly lower 
than the previous value. However, the corrosion rates from both of the 
probes were signifi cantly higher than those of the previous value. The lower 
potential and the higher corrosion rate immediately after removing the 
cathodic protection suggest that the concentrations were low for the corro-
sion products during the cathodic protection.
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26.11 Maximum localized corrosion rates from two independent 
coupled multielectrode array sensor probes made of rebar material in 
concrete submerged in distilled water in the fi rst week, and partially 
immersed in simulated seawater in the remaining test.
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26.4.3 Summaries

The steady-state corrosion rates measured in the concrete partially 
immersed in simulated seawater were 0.5 to 2.4 µm/y. When the carbon steel 
electrodes of the probe were connected to sacrifi cial aluminum anodes, the 
corrosion rate decreased instantaneously to a value that is below the lower 
detection limit of the instruments (10 nm/y). Coupled multielectrode array 
sensor probes can be used as a real-time tool to measure the effectiveness 
of cathodic protection for steel reinforcements in concrete.

26.5 Measurements of localized corrosion rates of 

cathodically protected carbon steel in soil

Corrosion of metallic components in soil has been a concern in many fi elds, 
including the pipeline industry and nuclear waste disposal programs. Metal 
loss corrosion probes based on electrical resistance methods have been used 
as online tools for corrosion monitoring in soil.12 However, these probes are 
not sensitive enough for localized corrosions, such as pitting or crevice cor-
rosion.5 This section describes the application of the coupled multielectrode 
array probe as an on-line and real time tool for measuring the localized 
corrosion rate of carbon steel material in soil under cathodic protection 
conditions.

Figure 26.13 shows the experimental setup for the measurements 
of maximum localized corrosion in soil contained in a plastic container 
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(35 cm long × 25 cm wide × 17.5 cm high) which was perforated at a 
height of 13.5 cm from the bottom to provide drain holes.12 The coupled 
multielectrode probes were initially vertically placed in freshly pre-
pared soil that was loose and relatively dry (unsaturated with water). 
After some initial measurements of the corrosion rate, simulated sea-
water was added to the container to fl ood the section below the 
drain hole. The fl ooded section is also called the saturated zone. The 
soil in this saturated zone was sticky and muddy. After the seawater 
was added, the probe was pushed into the bottom of the soil so that 
the sensing surface of the probe was in close contact with the sticky 
and densely compacted soil during the remainder of the test. Distilled 
water was frequently added from the top to make up for the evapora-
tion loss.

The sensing electrodes of the coupled multielectrode probes were made 
from annealed mild carbon steel concrete rebar wire (1.5 mm in diameter 
and 1.77 mm2 in electrode surface area). Each probe had 16 electrodes 
fl ush-mounted in epoxy. Prior to the test, surfaces of sensing electrodes 
for each multielectrode probe were polished to 600 Grit and rinsed with 
distilled water and then with acetone. The aluminum wires shown in Fig. 
26.13 were also vertically buried near the probes and were used as sacri-
fi cial anodes during the cathodic protection test. A saturated calomel 
electrode (SCE) was dipped into the saturated zone near the probes 
and used as the reference electrode for electrochemical potential 
measurements.

Drain holes

Saturated 
zone

Al anodes

Ref. electrode
CMAS probes

26.13 Experimental setup for the measurement of localized corrosion 
rate in soil.
Note: The aluminum anodes were used for cathodic protection during 
the test.
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26.5.1 Corrosion rate in soil saturated with 
simulated seawater

Figure 26.14 shows the maximum localized corrosion rate from the carbon 
steel CMAS probe in soil before and after the addition of the simulated 
seawater, but prior to the application of cathodic protection. The corrosion 
rate was low (0.1 to 0.2 µm/y) when the simulated seawater was not added 
and the probe’s sensing tip was in the relatively dry and loose soil. This low 
corrosion rate is expected because the probe was freshly polished (cleaned) 
and no signifi cant liquid condensate was formed on the sensing surface of 
the CMAS probe.

After the addition of simulated seawater and the probe was pushed down 
to the fl ooded section of the soil, the maximum localized corrosion rate 
increased to about 600 µm/y, which is close to the corrosion rate of carbon 
steel in air-saturated simulated seawater.8 However, a few minutes after the 
probe was pushed into the densely packed soil saturated with simulated 
seawater, the rate dropped rapidly, and reached 10 µm/y in about one hour. 
The rapid decrease in maximum localized corrosion rate was probably an 
indication that the corrosion process was under mass-transfer control. The 
migration of the corrosion products (such as metal ions) away from the 
corroding sites and the reactants (such as O2) to the corroding sites are 
limited by the low diffusion rates of these species in the soil which was 
densely packed when the probe was pushed into the wet and sticky soil. 
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26.14 Maximum localized corrosion rates from a coupled 
multielectrode array sensor probe made of carbon steel in soil soaked 
with simulated seawater.
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The maximum localized corrosion rate was about 4 µm/y after three weeks 
in the densely packed soil.

26.5.2 Corrosion rate under cathodic protection conditions

After about three weeks in the densely packed and wet soil soaked with 
the simulated seawater, the carbon steel electrodes of the probe were con-
nected to the aluminum sacrifi cial anodes (according to Fig. 26.2) to cath-
odically protect the electrodes. Figure 26.15 shows the measured corrosion 
rate and the electrochemical potential of the carbon steel electrodes before, 
during, and after cathodic protection. As soon as the carbon steel electrodes 
were cathodically protected, the electrochemical potential decreased from 
−0.72 V(SCE) to −0.83 V(SCE), and the maximum localized corrosion rate 
dropped from 3 µm/y to 1.3 nm/y, which is below the lower detection limit 
of the corrosion analyzer (10 nm/y). This suggests that the carbon steel 
material was adequately protected. When the cathodic protection was 
removed, the potential returned to −0.72 V(SCE) and the maximum local-
ized corrosion current returned to approximately 2.2 µm/y.

26.5.3 Summary

Coupled multielectrode array sensor probes were used for real-time moni-
toring the corrosion rate of carbon steel material in soil with and without 
cathodic protection. The steady-state corrosion rate measured in the 
densely packed soil saturated with simulated seawater was found to be 

26.15 Maximum localized corrosion rates and potential of rebar 
material measured from two coupled multielectrode array probes 
before, during and after the probes were cathodically protected by 
sacrifi cial anodes.
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approximately 2 to 15 µm/y. When the carbon steel electrodes of the probe 
were connected to sacrifi cial aluminum anodes, the corrosion rate decreased 
instantaneously to a value that is below the lower detection limit of instru-
ment (10 nm/y), suggesting that the coupled multielectrode array sensor 
probe is an effective real-time tool to measure the effectiveness of cathodic 
protection in soil.

26.6 Measurements of localized corrosion 

rates of cathodically protected carbon 

steel in drinking water

Corrosion of metallic components in drinking water systems has been an 
ongoing concern. According to a recent report,1 the total estimated cost of 
corrosion for drinking water systems is $19.26 billion per year, in the United 
States alone. To effectively control and mitigate corrosion, it is important 
to measure the real-time rate of corrosion – especially the rate of localized 
corrosion – taking place in the system. This section describes the applica-
tion of coupled multielectrode array sensor probes as an online tool for 
measuring the general and maximum localized corrosion rates of three 
metals in drinking water systems with and without cathodic protections. 
These metals include low carbon steel, stainless steel and brass which are 
commonly used in drinking water systems.

A nanoCorrTM model S-50 CMAS analyzer was used in this measure-
ment. In addition to the functions described for the Model A-50 CMAS 
analyzer, model S-50 also measures the general corrosion rate based on the 
average anodic currents from the CMAS probe.8 The experiment was con-
ducted in a beaker fi lled with natural drinking water (spring water). All 
coupled multielectrode probes (one carbon steel, one stainless steel and 
one brass) and a reference electrode were vertically immersed in water. 
Prior to the tests, drinking water was placed in the open air to enable satu-
ration with the gases in the atmosphere (e.g. O2 and CO2). The water was 
not agitated during the experiments. One 1-mm-diameter aluminum wire 
was used as a sacrifi cial anode for each probe during the cathodic protection 
test. The reference electrode was a calomel electrode (SCE). The experi-
ments were conducted at a temperature range from 17 to 23 °C. Other 
parameters such as oxidation and reduction potential (ORP), temperature, 
pH are also measured by the CMAS analyzer. These parameters are beyond 
the scope of this section and users are encouraged to consult the original 
publication9 for additional information.

The sensing electrodes of the carbon steel multielectrode probe were 
made from annealed Type 1008 carbon steel (UNS G10080) wire (1.5 mm 
in diameter and 1.77 mm2 in electrode surface area). The sensing electrodes 
of the brass multielectrode probe were made from Type 260 brass (UNS 
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C26000) wire (1 mm in diameter and 0.785 mm2 in electrode surface area). 
The sensing electrodes of the stainless steel multielectrode probe were 
made from Type 316L (UNS S31603) wire (1 mm in diameter and 0.785 mm2 
in electrode surface area). Each probe had 16 electrodes fl ush-mounted in 
epoxy. Prior to the test, the surfaces of the sensing electrodes for each 
multielectrode probe were polished to 600 Grit and rinsed with distilled 
water and then with acetone.

26.6.1 Maximum localized corrosion rates

The maximum localized corrosion rates from the three CMAS probes are 
presented in Fig. 26.16. The maximum localized corrosion rates from the 
probes were calculated using the anodic current density from the most cor-
roding electrode of the probe. The maximum localized corrosion rate of 
the carbon steel probe was initially low (90 µm/y or 3.5 mpy) and increased 
slowly to 330 µm/y (13 mpy) in two hours prior to cathodic protection. The 
maximum localized corrosion rates for the stainless steel and brass were 
0.17 and 7.0 µm/y (0.0067 and 0.28 mpy), respectively, in the drinking water 
and remained unchanged during the two-hour exposure to the water prior 
to the application of the cathodic protection. When the electrodes of the 
three probes were connected to their respective sacrifi cial aluminum anodes, 
the maximum localized corrosion rates of the Type 316L stainless steel and 
the Type 260 brass immediately dropped below the detection limit of the 
instruments (10 nm/y or 0.0004 mpy), suggesting that these two probes were 

26.16 Maximum localized corrosion rates from three CMAS probes in 
drinking water before and after they were connected to their sacrifi cial 
CP anodes.
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suffi ciently cathodically protected by the potential (see Section 26.6.3) sup-
plied by their sacrifi cial anodes. The maximum localized corrosion rate of 
the carbon steel probe, however, only decreased slightly (from 330 to 
290 µm/y), when the probe was connected to the aluminum anode, indicat-
ing an insuffi cient cathodic protection. The insuffi cient protection by the 
aluminum anode is consistent with the relatively high potential (see Section 
26.6.3) supplied by the sacrifi cial anode, because of its limited surface 
area.

26.6.2 General corrosion rates

The general corrosion rates from the three probes are presented in Fig. 
26.17. The general corrosion rate was calculated using the average anodic 
current density, which is the total anodic current from all the electrodes 
of the probe divided by the total surface areas of all the electrodes of 
the probe. Because this average corrosion rate is similar to the general 
corrosion rate obtained by weight loss methods or by other electrochemical 
methods using large electrodes, the use of the average corrosion rate to 
approximate the general corrosion rate is a reasonable approach. Com-
pared with Fig. 26.16, the average/general corrosion rates from these three 
metals have similar trends with the maximum localized corrosion rates, but 
the values are much smaller.

The maximum localized corrosion rates were 7.5 to 8 times higher than 
their general corrosion rates for the Type 260 brass and low carbon steel 

26.17 General corrosion rates from three CMAS probes in drinking 
water before and after they were connected to their sacrifi cial CP 
anodes.
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during the test. The ratio of the maximum localized corrosion rate to the 
general corrosion rate for the Type 316L stainless steel was approximately 
9 at the end of the test. These ratios are also called localized corrosion rate 
factors (see Chapter 8).

26.6.3 Probe potentials

The corrosion potentials of the Type 316L stainless steel, Type 260 brass 
in the drinking water prior to the cathodic protection were −20 and 
−100 mV (SCE), respectively (Figure 26.18). The corrosion potential of the 
Type 1008 carbon steel probe was −320 mV (SCE) initially and decreased 
to −374 mV (SCE) at the time the cathodic protection was about to be 
applied, indicating that the carbon steel electrode became more and more 
active, which is consistent with the measured steadily increased maximum 
localized corrosion rate from the carbon steel probe as shown in Figure 
26.16. When the electrodes of the three probes were connected to their 
sacrifi cial aluminum anodes, the potentials of the Type 316L stainless steel 
and the Type 260 brass probes immediately dropped by more than 400 mV 
and 100 mV, respectively; the potential of the carbon steel electrode, 
however, dropped only by 10 mV. The variations in the drops of the poten-
tials, during the cathodic protection, were due to the size of the aluminum 
anodes used as the sacrifi cial anodes. The surface areas of the aluminum 
anodes were suffi ciently large to lower the potentials of the less active 
stainless steel and brass probes, but not enough to lower the potential of 

26.18 Corrosion potentials from three CMAS probes in drinking water 
before and after they were connected to their sacrifi cial cathodic 
protection (CP) anodes.
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the more active carbon steel probe. Because of the signifi cant drop in 
potentials, the stainless steel and brass probes were effectively protected 
and their corrosion rates were essentially zero (see Figure 26.16), 
while the slight drop in potential for the carbon steel probe proved to be 
insuffi cient for the carbon steel to be cathodically protected and its 
maximum localized corrosion rate remained essentially unchanged (from 
330 to 290 µm/y) (Fig. 26.16). This underscores the signifi cance of using the 
coupled multielectrode array sensor to monitor the effectiveness of the 
cathodic protection.

26.6.4 Post-test visual examination of the probes

Figure 26.19 shows the appearance of the 260 brass and 316L stainless steel 
probe electrodes after an eight-day exposure to the drinking water without 
cathodic protection. No localized corrosion was seen in the two probes, 
even though a slight discoloration was observed on some of the electrodes 
of the Type 260 brass probe, which is consistent with the low maximum 
localized corrosion rates, as shown in Figure 26.16.

Figure 26.20 shows the appearance of the carbon steel probe after the 
same eight-day exposure to the drinking water without cathodic protection. 
It is apparent that a few of the electrodes (#5 and #14) were covered by 
deposits (corrosion products), and most of others were clean. After clean-
ing off the corrosion products (bottom picture in Figure 26.20), pitting was 
observed on the electrodes covered by the deposits. No pitting corrosion 
was observed on the electrodes that did not have deposits. Therefore, the 
deposit-covered electrode served as the anodes and the clean electrodes 
served as the cathode, during the exposure. The pitting corrosion on the 

26.19 The appearances of the stainless steel and brass probes after 
eight-day immersion in drinking water without cathodic protection.
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carbon steel probe is consistent with the high maximum localized corrosion 
rate as shown in Figure 26.16.

It is worth mentioning that no signifi cant corrosion between the elec-
trodes and the surrounding epoxy was observed. The good bonding between 
the epoxy and the electrode side surface prevented the development of 
crevice corrosion, which may complicate the calculation of the localized 
corrosion rate by altering the true surface area.

26.6.5 Summary

Real-time coupled multielectrode array sensor probes were used to measure 
the maximum localized corrosion rates of Type 316L stainless steel, Type 
260 brass and Type 1008 carbon steel materials in drinking water with and 
without cathodic protection. The maximum localized corrosion rates in the 
drinking water were approximately 0.3 µm/y (0.012 mpy) for stainless steel 
and 7 µm/y (0.28 mpy) for brass with no cathodic protection at ambient 
temperatures. The steady-state maximum localized corrosion rate for the 
carbon steel in the drinking water was found to be 300 µm/y (12 mpy). When 
cathodic protection was applied to the stainless steel and brass probes, the 
corrosion rate from these probes dropped below the lower detection limit 

26.20 The appearances of the carbon steel probe after eight-day 
immersion in drinking water without cathodic protection.

Corrosion products#14 
Electrode

(a) (b)

(c)

#5

#14

After corrosion 
products were 
removed

#14

#5



636 Techniques for corrosion monitoring

of the CMAS instruments (10 nm/y). However, the maximum localized 
corrosion rate and the general corrosion rate from the carbon steel probe 
remained the same after cathodic protection was applied. The potential 
measurements indicate that the potentials of the stainless steel and the 
brass probes were signifi cantly lowered by their sacrifi cial anodes, but the 
potential of the carbon steel probe was lowered by only 10 mV. The insig-
nifi cant lowering of the potential of the carbon steel probe indicates that 
the surface area of the sacrifi cial anode for the cathodic protection of the 
carbon steel probe was not large enough to provide the required cathodic 
protection potential for the carbon steel. The unchanged corrosion rates 
from the carbon steel probe after the application of the cathodic protection 
underscores the signifi cance of the use of the CMAS probes for monitoring 
the effectiveness of cathodic protection systems.
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27.1 Introduction

Organic coatings, such as organic polymer coating (OPC) and temporarily 
protective oil coating (TPOC), are an effective way to prevent metals 
from corrosion. In general, organic coatings consist of vehicle, pigments 
and additives such as dryers, hardening agents, stabilising agents, sur-
factant, dispersion agents, etc. However, for temporarily protective oil 
coating, its major components are base oil (mineral machine oil) and oil 
soluble inhibitors (such as barium sulfonate, lanolin, benzotriazole, 
etc.).

Many electrical and electrochemical methods have been used to study 
and evaluate the protective nature of organic coatings. Measurements such 
as potential, DC resistance, polarisation resistance, electrochemical imped-
ance spectroscopy (EIS), etc., have been used for the laboratory evaluation 
of organic coating (OPC1–7 and TPOC8–16) for many years. Some of the 
methods of investigating polymer coatings on metals and corrosion of 
painted metal are reviewed in the literature.17–21 Although these electrical 
and electrochemical methods are powerful tools for better understanding 
the fundamental processes of corrosion underneath coatings, there are 
some unsolved problems of corrosion protection by organic coatings that 
require further study.22

Since the 1980s, many in-situ electrochemical methods have been devel-
oped for detecting local defects of organic coatings, such as scanning 
electrode techniques (SET),23–26 scanning vibrating electrode techniques 
(SVET),27–31 the Kelvin method,32–37 localised impedance spectroscopy 
(LEIS), etc.38–44 Researchers of organic coating gradually realised that the 
electrochemical inhomogeneity of organic coatings was essential for the 
electrochemical study of organic coatings. The effectiveness of the coating 
depended on the conduction processes taking place in the coating material. 
If coating inhomogeneities (such as pore, pinhole, etc.) were present, the 
experimental results could be infl uenced signifi cantly.45–47

27
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Mayne and his coworkers studied the ionic conduction of detached coat-
ings and concluded that polymer fi lms were heterogeneous and contained 
fi ne areas of locally high conductivities.48–49 The high conductivity was con-
sidered in the case of cross-linked polymer fi lms to be due to a lower degree 
of cross-linking. Leidheiser and Kendig attributed impedance changes in 
coatings to the penetration of electrolytes.50

On the basis of microelectrode technique, integrated microelectrode 
array (interdigitated array microelectrodes or microarray electrodes) have 
been widely utilised in analytical chemistry, electroanalytical chemistry, 
and electrochemistry.51–66 Unlike big square metal and one single metal 
electrode, integrated microelectrode array consists of many microelec-
trodes. The difference of electrochemical states at the coating/metal inter-
face can be measured sequentially and results obtained this way are 
statistical results. The reproducibility of electrochemical measurements 
may be improved, making it possible to study the degradation process 
of coatings directly and quantitatively. Although the above-mentioned 
methods are powerful tools for studying the fundamental processes of 
corrosion underneath organic coatings, further work is required in the 
following areas.

First, in general, organic coating is a poor electronic conductor, i.e. an 
insulator. There is a need to understand: (a) why people could utilise elec-
trical and electrochemical methods to study and evaluate the protective 
nature of organic coatings; (b) the conducting mechanism of organic 
coatings during their electrical and electrochemical testing in corrosive 
media; and (c) organic coating behaviour during its degradation in the 
metal/coating/solution system. Second, the simplest and non-destructive 
electrochemical test is the measurement of the electrode potential of the 
painted metal as a function of immersion time. The most useful and exacting 
study of this technique was achieved by Wormwell and Brasher in 1949.67 
A thorough review of this method has been made by Wolstenholme.68 In 
Wormwell and Brasher’s study, they found that the potential/time curve of 
painted steel samples immersed in artifi cial seawater was composed of three 
distinct sections: an initial falling potential, followed by a rise, and then a 
fi nal decline.

Third, it is obvious that organic coatings (OPC and TPOC) are electronic 
insulators; they have very low electronic conductivity compared with an 
electronic conductor, and usually act as a barrier between the corrosive 
medium and the metal. Theoretical studies for the mechanism of these 
kinds of insulating fi lms have been conducted based on the classic theory 
of solid state physics. Electron transport through such fi lm can be effected 
by two mechanisms: fi rst, if the fi lm is highly doped with electron donors 
or acceptors, the electrons are transported via the conduction or the valence 
band; and second in heavily disordered fi lms, which have a high concentra-
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tion of localized electronic states in the band gap, electron transfer through 
the fi lm can occur by a series of hops between such states, the so-called 
hopping conductivity mechanism. It is easy to see that the hopping conduc-
tivity mechanism is suitable for interpretation of conductivity for organic 
coatings. Many models have been used to study and describe these disor-
dered systems such as ion implantation,69–70 passive fi lm71,74 and polymer 
fi lms with localized electronic states, etc.72 Hopping conductivity in disor-
dered systems is also well documented in the literature.73

According to the hopping conductivity mechanism, when the metal is 
coated with organic coatings, and placed in salt solution, conductivity of 
organic coating is controlled by the electron hopping conductivity mecha-
nism. At this time, it is not possible for corrosive media to diffuse through 
the organic coating and transmit to the metal/coating interface. With 
increasing immersion time, along with penetration of corrosive media in 
organic coating, it is obvious that electronic hopping conductivity of organic 
coating may transform to ionic conductivity. However, previous studies 
omitted this obvious conductivity transformation.

In fact, the conducting behaviour of organic coating in the metal/coating/
solution system is the same as that of passive fi lm on the surface of metal.

27.2 Mechanism of organic coatings

Although passive fi lm has attracted the interest of corrosion and electro-
chemistry researchers for about 150 years,75 conduction behaviour and its 
model of passive fi lm on the metal are still hot topics.76–89 Bojinov et al. 
presented a quantitative kinetic model, which so called heavily doped n-
type semiconductor-insulator-p-type semiconductor injunction, for steady-
state passive fi lms on Fe, Cr and Fe-Cr alloys.86 For positive charge 
conduction, they proposed that at low potentials in the passive state, the 
positive defects injected at the metal/fi lm interface played the role of elec-
tron donors; at high positive potentials, the negative defects injected at the 
fi lm/solution interface played the role of electron acceptor.

Different from a semiconductor, according to the classic hopping con-
ductivity mechanism in solid state physics, conductivity of organic coating 
could be achieved by continuous electron hopping through a disordered 
localised electronic state in the coating. On the basis of classic hopping 
conductivity mechanism in solid state physics, it is clear that, as an insulating 
fi lm, temporarily protective oil coating has a certain conductivity, and this 
is also important for electrochemical analysis of the temporarily protective 
oil coating in salt solution.

In general, according to the theory of classic physics, temporary protec-
tive oil coating is taken as an insulating fi lm in the vacuum. However, when 
the metal is coated with oil and placed in the electrolyte solution, the situ-
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ation might change. Although oil coating has very low electronic conductiv-
ity compared with an electronic conductor, according to the hopping 
conductivity mechanism, electron transfer through the oil coating can occur 
by a series of hops between localized electronic states in the bandgap. At 
this time, the oil coating behaved as a bipolar fi lm like the passive fi lm 
formed on stainless steel (SS). Conducting behavior of TPOC could be 
interpreted as a hopping conductivity mechanism; it is the same as that of 
passive fi lm forming on the surface of SS. It is obvious that the passive fi lm 
on SS is the semiconductor, but whether or not the conducting mechanism 
of oil coating is semiconducting, and how the charge is transported in the 
oil coating, remain to be questioned.

27.2.1 Ionic-electronic conducting behaviour of TPOC in 
salt solution

As was fi rst realized by Hoar and Price, an oxidizing metal could be thought 
of as a self-driving electrochemical cell.90 Bailey and Ritchie presented a 
general electrochemical theory for the oxidation of metals: the oxidizing 
metal was viewed as a self-driving electrochemical cell in which the oxide 
acts as both ionic and electronic conductor.91 However, the conductivity 
mechanism of temporarily protective oil coating (polymer fi lm)72 was 
different from the mechanism of oxide fi lm (passive fi lm).71,76–89 Overall 
electrochemical processes in the metal/coating system are shown in 
Fig. 27.1.92

As a special electrochemical system, the metal/coating/electrolyte system 
is different from the metal/electrolyte system. In the metal/electrolyte 
system, anodic and cathodic reactions of corrosion cells take place at the 
metal/electrolyte interface simultaneously. However, anodic and cathodic 
reactions of corrosion cell in the metal/coating/electrolyte system take place 
simultaneously at metal/coating and coating/electrolyte interface respec-
tively. When a metal specimen coated with oil is placed in the electrolyte 
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27.1 Overall electrochemical processes in the metal/coating system.
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for potential measurement, metal, oil coating, electrolyte and reference 
electrode form a multi-electrode system, there are nine possible electro-
chemical steps in the overall reaction for potential measurement 
(Table 27.1).

As in Bailey and Ritchie’s general electrochemical theory,91 there are 
three electrochemical cells which have direct relationship for the potential 
measurement of an oil-coated metal electrode. A metal/coating/electrolyte 
cell connects with a reference electrode, whose equilibrium potential can 
be defi ned as Ec

e
o
q. The anodic reaction of corrosion cell at the metal/coating 

interface connecting with the reference electrode, has an equilibrium poten-
tial that can be defi ned as Ea

e q. The cathodic reaction of the corrosion cell 
at the coating/electrolyte interface connecting with the reference electrode, 
has an equilibrium potential that can be defi ned as Ec

e q. So the potential of 
oil-coated metal electrode could be expressed as Equations [27.1] and 
[27.2]:
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where ht,s is over the potential of each charge transfer step s, n is the total 
number of electrons transferred in the overall electrochemical reaction, F 
is the Faraday constant, g is the stoichiometric number of the step s, and 
DGs is the Gibbs free-energy change of the step s.

Before the analysis, several simplifying assumptions will be made and are 
listed below:

Table 27.1 Possible nine electrochemical steps in the overall reaction

Step No. (s) Step

1 Cation transfer through metal/coating interface
2 Cation transfer in the oil coating
3 Cation transfer through coating/electrolyte interface
4 Electron transfer through metal/coating interface
5 Electron transfer in the oil coating
6 Electron transfer through coating/electrolyte interface
7 M → Mn+ + ne− at metal/coating interface
8 Oxygen reduction at coating/electrolyte interface
9 Mn+ and anion form corrosive products at metal/coating, 

coating/electrolyte interface or in the coating
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1.  The electrochemical reaction on the surface of reference electrode is in 
equilibrium.

2.  Step 9 is at equilibrium and could not be a rate-determining step.
3.  Only one step could be rate-determining, and other steps are at equi-

librium at the same time.

Other assumptions are the same as those of Bailey and Ritchie’s,71 which 
could also be suitable for analysis in the organic coating system. On the 
basis of these assumptions, the over potential of the reference electrode is 
zero, and DG9 is zero. At the early stage of immersion of the oil-coated metal 
specimen, electrochemical reactions in the metal/coating/electrolyte system 
are very small, the amount of metal cation produced at the metal/coating 
interface is ultrasmall, and the amount of corresponding anion pro-duced 
at the coating/electrolyte is very small. These ions could not diffuse through 
the coating and constructed steady-state diffusion pathway in the oil coating. 
At this time, only electrons could transfer through the coatings by electrons 
hopping the localised electronic states in organic coatings. The electro-
chemical reaction in the metal/coating/electrolyte system is determined by 
any one of the fi rst, second, third and seventh steps, which directly relate to 
metal cation formation and transmission in the metal/coating/electrolyte 
system. Other steps listed in Table 27.1 are in equilibrium, i.e.
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Equations [27.1] and [27.2] can be simplifi ed as Equation [27.5].

E = Ea
e q + Ec

e
 o
q = Ec

e q [27.5]

At this time, potential value measured is equal to equilibrium potential of 
oxidant in salt solution reducing at coating/electrolyte interface, and it has 
most positive value. Considering that the steps of electron transmission in 
the oil coating are in equilibrium, in order to keep charge equilibrium in 
the oil coating and prevent charge accumulation in the metal/coating/elec-
trolyte system, the amount of electrons produced at the metal/coating inter-
face and transmitted through the coating is equal to amount of electrons 
consumed by the cathodic reaction (oxygen reduction, O2 + 2H2O + 4e− → 
4OH−) at the coating/electrolyte interface.

From the above analysis, it is clear that the anodic process in the metal/
coating/electrolyte system is predominant, whereas the cathodic process is 
in equilibrium. Thus, the anodic reaction may lead to potential of oil-coated 
electrode shifting positively.
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With increasing of immersion, ions in the electrolyte begin to diffuse in 
the oil coating, and gradually construct the steady diffusion layer in the 
coating. At this time, the electrochemical reaction in the metal/coating/elec-
trolyte system is determined by any step concerned with electron transmis-
sion in the overall reaction of the metal/coating/electrolyte system (e.g. step 
4, 5 or 6 or oxygen reduction step 8). Other steps are in equilibrium, i.e.
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So Equations [27.6] and [27.7] can be simplifi ed as Equation [27.8].

E = Ea
e q = Ec

e q − Ec
e
 o
q [27.8]

At this time, the potential measured is equal to the equilibrium potential 
of metal cation formation at the metal/coating interface, and it has the 
lowest negative value, and the oil coating shows obvious ionic conducting 
characteristics. The steps of cation production and transmission in the oil 
coating are considered to be in equilibrium. In order to keep the charge 
equilibrium in the oil coating and prevent charge accumulation in the 
metal/coating/electrolyte system, the amount of cations produced at the 
metal/coating interface and transmitting through the coating is equal to 
the amount of anion production of the cathodic reaction (oxygen reduction, 
O2 + 2H2O + 4e− → 4OH−) at the coating/electrolyte interface.

From the above analysis, it is clear that the cathodic process concerned 
with electron production, electron transmission in coating and electron 
consumption at the coating/electrolyte interface is predominant, whereas 
the anodic process in the metal/coating/electrolyte is in equilibrium. Thus, 
the cathodic reaction may lead to the potential of oil-coated electrode 
shifting negatively. Wormwell and Brasher’s results also verify this 
analysis.67

27.2.2 Semiconducting transformation of TPOC in salt 
solution during its degradation

On the basis of the abovementioned theory analysis of conducting behav-
iour of TPOC in the electrochemical testing system, it is suggested that, as 
an insulator, TPOC could transform from an insulator to a conductor during 
its degradation. During this two type conducting behaviour of the insulator 
and the conductor, there must be a semiconducting state of the TPOC 



 Corrosion measurements with wire beam electrodes 645

during its degradation in salt solution. As an effective semiconducting 
behaviour research method, the potential-capacitance method and Mott–
Schottky analysis have been utilized to study the semiconducting behaviour 
of passive fi lm comprehensively.

In Zhong et al.’s paper [93], the semiconducting behaviour of a temporar-
ily protective oil coating on the surface of AISI 304 Stainless Steel in 5% 
Na2SO4 solution under corrosion potential was studied by utilizing the 
potential-capacitance method and Mott-Schottky analysis.

Results showed that there existed semiconducting behaviour of a tem-
porarily protective oil coating during its degradation. With the increasing 
immersion time, temporarily protective oil coating transformed from the 
p-type semiconductor at an early stage of immersion to an n-type semicon-
ductor. ND and NA of oil coating in different transition processes were also 
calculated.

Results also showed that at the early stage of immersion of an oil-coated 
metal specimen, electrochemical reactions in the metal/coating/electrolyte 
system are very small, the amount of metal cation produced at the metal/
coating interface is ultra small, and the amount of corresponding anion 
produced at the coating/electrolyte is very small. These ions could not diffuse 
through the coating and constructed a steady diffusion passway in the oil 

27.2 Mott–Schottky plots of TPOC in 5% Na2SO4 solution with 
immersion time (coated and naked SS electrode).
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coating. At this time, only the electron could transfer through the coatings 
by electron hopping the localised electronic states in the organic coatings. 
The electrochemical reaction in the metal/coating/electrolyte system is 
determined by any single step, which directly relates to metal cation forma-
tion and transmission in the metal/coating/electrolyte system. At this time, 
oil coating behaves as a p-type semiconductor. However, the density of NA 
is very small.

With increasing immersion, ions in the electrolyte begin to diffuse in the 
oil coating, and gradually construct the steady diffusion layer in the coating. 
At this time, the electrochemical reaction in the metal/coating/electrolyte 
system is determined by any single step concerned with electron transmis-
sion in the overall reaction of the metal/coating/electrolyte system. Steps 
of cation production and transmission in the oil coating are considered to 
be in equilibrium. In order to keep the charge equilibrium in the oil coating 
and prevent charge accumulation in the metal/coating/electrolyte system, 
the amount of cations produced at the metal/coating interface and trans-
mission through the coating is equal to the amount of anions produced in 
the cathodic reaction (oxygen reduction, O2 + 2H2O + 4e− → 4OH−) at the 
coating/electrolyte interface.

From the above analysis, it is clear that the cathodic process concerning 
electron production, electron transmission in the coating and electron con-
sumption at the coating/electrolyte interface is predominant, whereas the 
anodic process in the metal/coating/electrolyte is in equilibrium. At this 
time, the oil coating behaves as an n-type semiconductor, and the density 
of ND is more than that of the oil coating at an early stage of immersion.

27.3 Wire beam electrode and its working mechanism

Wire beam electrode (WBE) is a system that has multiple wire electrodes 
embedded in an insulator. The active electrodes are the exposed cross-
sections of the wires arranged in certain patterns or arrays. Wire beam 
electrodes are also called multielectrode arrays by other researchers (see 
Chapter 8). The wire beam electrode is an effective method for studying 
the electrochemical inhomogeneity of organic coatings. Through the use of 
the wire beam electrode, both reproducibility and reliability in the study 
and evaluation of organic coatings may be improved signifi cantly.94–96 For 
undercoating studies, the wire beam electrode was typically made of mild 
steel (containing 0.18% C) wires regularly arranged. All wires were embed-
ded in an epoxy resin and insulated from each other at 2 mm intervals. The 
diameter of each wire was 0.7 mm and the active electrode surface acted as 
the substrate for the oil coating.

By utilizing the wire beam electrode, electrochemical parameters such as 
potential, polarization resistance, etc., and their distribution could be meas-
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ured. For potential measurements, high input impedance (>1012 Ω) volt-
meters which prevent any electrical loading to the measurement circuit 
must be used. During the study, the electrochemical values of each mini-
electrode are statistically analysed in order to improve the reproducibility 
and reliability of the potential measurement. The average of the electro-
chemical value of whole mini-electrodes and the standard deviation of the 
potential could also be calculated.

A wire beam electrode using mild steel wires has been developed and 
used to study temporarily preventive oil coatings in terms of the hetero-
geneous electrochemical states after immersion in a salt solution. The 
electrochemical states on the surface of the wire-beam electrode are 
homogeneous compared with an oil-painted electrode. The distribution of 
potential on oil-painted wire beam electrodes was heterogeneous and 
follows a discontinuous binomial probability distribution. Polarization 
resistance of each oil-coated wire sensor is randomly distributed over a 
given range of resistance and follows a lognormal probability distribution. 
The distribution of corrosion potential over a high potential range can be 
increased, distribution of polarization resistance over a low resistance 
range can be decreased and eliminated by adding an oil-soluble 
inhibitor.97

The feasibility of using a wire beam electrode for understanding the 
electrochemical inhomogeneity of temporarily protective oil coating was 
also studied.98 Structure parameters of wire beam electrodes such as the 

27.3 Schematic diagram of the wire beam electrode and experimental 
apparatus.92
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central distance (1.5 mm ∼ 4 mm) of the adjacent wire pair, the diameter 
of the wires (0.7 mm ∼ 1.2 mm), the number of wires (37 ∼ 101), etc., and 
their effect on the study of electrochemical inhomogeneity of temporarily 
protective oil coatings are discussed in the following sections of this 
chapter.

27.4 Application of wire beam electrode

27.4.1 Potential variation of temporarily protective oil 
coating before its degradation

As mentioned in Section 27.1, the measurements of potential/time curves 
for painted steel are non-destructive and the simplest of all the electro-
chemical tests and can produce many interesting results. However, previous 
potential measurements utilized a single big square metal electrode. A big 
square metal electrode could only detect mixed or average potential data 
over the whole electrode surface and could not measure the potential value 
from chosen areas of the electrode surface. Considering the electrochemical 
inhomogeneity of organic coatings, it was diffi cult for the potential method 
to get precise results by using a single big square metal electrode.

A wire beam electrode using mild steel wires has been developed and 
used to study the potential variation of temporarily preventive oil coating 
before its degradation. It has been found that the distribution of corrosion 
potential on the surface of oil-coated wire beam electrodes is heterogene-
ous before the degradation of temporarily protective oil coating. At the 
early stage of immersion, the distribution of corrosion potential gradually 
shifts to a higher potential range with increasing immersion time. When the 
distribution of corrosion potential reaches the highest potential range, it 
begins to shift negatively to a lower potential range. It is suggested that this 
situation may be due to metal corrosion taking place at the metal/coating 
interface.

The distribution of corrosion potential on an oil-painted wire beam elec-
trode follows a normal probability distribution before the degradation of 
the oil coating. With increasing immersion time, the distribution of cor-
rosion potential on the oil-painted wire beam electrode may change from 
normal probability distribution before the degradation of oil coating to 
discontinuous binomial distribution after the degradation of oil coating. 
Further consideration showed that the potential variation of TPOC is due 
to the self-repairing ability of TPOC. Inhibited oil coatings had the ability 
of self-repairing, and oil-soluble inhibitors had a direct effect on the self-
repairing ability of oil coating. The degradation processes that were related 
to the underfi lm corrosion of oil coating could also be realized by investi-
gating the self-repairing ability of the oil coating.99
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27.4.2 Investigation of the underfi lm corrosion of 
temporarily protective oil coating

Underfi lm corrosion can be investigated by some classic methods, such as 
weight loss measurements, visual examination after long term exposure, 
etc. However, these methods are time consuming and not readily quantifi -
able because of day-to-day variations in environmental conditions. Several 
electrochemical techniques have been developed to obtain a more rapid 
assessment of underfi lm corrosion and its mechanisms.

Previous methods usually utilized a big square metal electrode and 
depended greatly upon the integrity of the coatings. If the coating inhomo-
geneities are present, the experimental results obtained are the average 
result of the total specimen, so it is hard to investigate the process of under-
fi lm corrosion. Unlike the big square metal electrode, the wire beam elec-
trode consists of many mini-electrodes. The difference in electrochemical 
states at the coating/metal interface can be measured sequentially and 
results obtained this way are statistical. The reproducibility of electro-
chemical measurements may be improved, making it possible to study the 
degradation process of coatings directly and quantitatively.100–102 This made 
it possible to measure electrochemical parameters that were related to 
underfi lm corrosion of the organic coatings directly so as to study the 
mechanism of underfi lm corrosion. Corrosion currents of micro-corrosion 
cells were measured, anodic and cathodic areas of underfi lm corrosion cell 
were also documented. Results showed that underfi lm corrosion taking 
place at the coating/metal interface is heterogeneous with respect to the 
corrosion current values and direction. It is suggested that this method is 
helpful in investigating the mechanism of underfi lm corrosion and in study-
ing the degradation process of oil coatings.103

27.4.3 Study of anti-contamination performance of 
temporarily protective oil coatings

It is well known that for the metal/coating system, corrosion usually takes 
place at the metal/coating interface. When metal articles are coated with oil 
coatings for temporary protection, it is necessary to avoid contamination 
residue on the surface of the metal substrate in practical applications. Con-
tamination on the metal substrate may block the conjunction of oil coating 
and metal substrate, act as active corrosive media, and directly infl uence 
the protective effects of oil coatings. So the anti-corrosion performance of 
a temporary protective oil coating is an important criterion in practical use. 
In a study to understand anti-corrosion performance, the working surface 
of a wire beam electrode was contaminated with 5%(w/w) NaCl solution 
for different contamination area ratios of 0%, 25%, 50%, 75% and 100% 
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respectively before coating with TPOC. The results showed that the salt 
contamination on the metal substrate had an infl uence on the heterogene-
ous distributions of corrosion potential, polarisation resistance and their 
regularities. With an increasing degree of salt contamination, the distribu-
tion of the corrosion potential of oil coatings followed a discontinuous 
binomial probability distribution, whereas the anodic polarization resist-
ance (Ra) distribution of oil coatings transformed from a lognormal prob-
ability distribution to an exponential probability distribution and then to a 
discontinuous binomial probability distribution, the cathodic polarization 
resistance (Rc) distribution of oil coatings followed a lognormal probability 
distribution. The infl uence of salt contamination on Ra and Rc of oil coat-
ings was different. It was suggested that the wire beam electrode is a helpful 
tool to study the process of underfi lm corrosion, and evaluate the perform-
ance of contamination resistance of oil coatings.

27.4.4 Study of the lubricant and its effect on the corrosion 
behaviour of TPOC

In steel plants, cold-rolled steel plates are usually manufactured by the fol-
lowing procedures: slab, hot tandem mill, pickling, cold tandem mill, anneal-
ing, skin pass, coating, shearing and packaging. Before the steel coils are 
coated with the temporary protective oil coatings, a skin pass line is needed 
to make the steel plate smoother after annealing, since annealing might 
deform the steel plate.

During the skinning pass, lubricants are sprayed on the surface of the 
steel plate to prevent any scratches. In fact, the water-soluble inhibitor has 
a direct effect on the lubricant’s performance. Many kinds of water-soluble 
inhibitor, such as sodium nitrite, sodium sulfate (anhydrous), sodium phos-
phate, sodium chromate, sodium dichromate, sodium silicate, sodium 
benzoate, triethanolamine, hexamethylenetetramine, urea, etc., have been 
introduced into a variety of lubricant products. But sodium nitrite is still 
verifi ed as the most effective one, though it is indirectly carcinogenic.

In steel plants, lubricants are required to have no adverse effect on the 
anti-corrosion ability as temporarily protective oil coatings. However, cur-
rently there is no such appropriate method in the steel plants to measure 
and evaluate the mutual interaction of the lubricant and the temporary 
protective oil coatings. There is no a practical method for the evaluation of 
the lubricant and its effect on the anti-corrosion performance as temporary 
protective oil coatings. Wire beam electrodes composed of mild steel wires 
were developed and used to study the lubricant and its effect on the corro-
sion behaviour of a temporarily protective oil coating.105 Three types of 
lubricants, which contain 5% sodium silicate, triethanolamine and sodium 
nitrite respectively, were studied. The infl uence of a lubricant on the anti-
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corrosion ability of a temporarily protective oil coating could be studied 
and evaluated by using a wire beam electrode to measure the change of 
corrosion potential and its standard deviations varying with immersion 
time. Two criteria were used to evaluate the characteristics of the lubricant, 
one was whether or not the lubricant might change the distribution of cor-
rosion potentials of an oil-coated electrode, the other was whether or not 
the lubricant was benefi cial to the homogeneous distribution of corrosion 
potentials of an oil-coated electrode.
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28.1 Introduction

An effective corrosion control program for a pipeline should contain the 
following four components1:

•  Understand the corrosion mechanisms prevailing during various phases 
of operations including startup, steady-state operations, shut-in, etc.

•  Formulate and implement mitigation measures according to the appro-
priate corrosion mechanisms.

•  Validate the effectiveness of the corrosion mitigation measures by mon-
itoring corrosion at strategic locations.

•  Verify the physical integrity of the pipeline by suitable inspection 
activities.

This chapter describes several case studies where the use of the fi eld sig-
nature method inspection tool has led to early warnings of the lack of 
performance of the mitigation measures which, if left unchecked, could 
result in more severe corrosion and eventually, failure.

28.1.1 Field signature method inspection tool (FSM-IT)

The FSM-IT technology is a non-intrusive corrosion monitoring tool con-
sisting of a geometric matrix of sensing pins (3 mm diameter) that are per-
manently attached to the outer pipe wall by spot welding (Figures 28.1 and 
28.2). During measurements, by passing a controlled current through the 
sensing matrix, an electrical fi eld signature is established. The fi rst signature 
is unique to the geometry of the object. With the occurrence of internal 
corrosion or erosion, the electrical fi eld is changed. This change is detected 
by the FSM-IT as a ‘potential drop’ across the matrix. Computer software 
then compares new measurements against the original signature to produce 
the metal loss value. The software can trend the metal loss over time, cal-
culate corrosion rates and create three-dimensional plots to illustrate accu-
mulated wall loss over the whole matrix.

28
Corrosion monitoring using the fi eld signature 

method inspection tool (FSM-IT)
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To compensate for the effects of temperature on the conductivity of the 
steel, the pin matrix measurements are compared to parallel readings taken 
on a reference plate. This plate is made from the same material as the 
pipeline and is thermally coupled to the external surface. By comparing the 
reference plate and matrix readings, it is determined whether actual metal 
loss or just a change due to temperature or both causes the detected shift 
in electrical potential.

In terms of operating principles, FSM-IT is analogous to ER as FSM-IT 
uses the structure as the sensing element. For that reason, this method 
should be referred to as Electrical Resistance Matrix (ERM). FSM-IT 

28.1 Pin matrix layout.

28.2 An FSM-IT installation with protective cover.
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monitors internal corrosion over a large area and can differentiate between 
general corrosion and isolated pitting thanks to the matrix design where 
general corrosion affects all pin pair responses and pitting corrosion only 
affects nearby pin pairs.

28.1.2 Typical challenges for wet sour gas pipeline 
corrosion monitoring

The most common form of corrosion encountered in wet sour gas is pitting. 
The pitting growth, in many cases, starts with small or insignifi cant rate for 
a prolonged period of time, then suddenly due to various reasons, unexpect-
edly jumps to a very high value leading to failures. Pitting rates in the order 
of 50 mm/y have been reported in several wet sour gas pipelines. In many 
cases, the pits are very isolated. It is quite common to fi nd pit depths of 
several millimeters and the pits are separated meters away from each other. 
In between, the pipeline surface is covered with protective iron sulfi de 
scales and suffers no corrosion. A single point device such as a corrosion 
coupon or an electrical resistance (ER) probe (see Chapter 11) will have 
to be placed in a precise location to detect such isolated pits. Quite often, 
the coupon or ER probe shows very little or no corrosion, but a leak can 
develop just centimeters away. Due to the high toxicity of H2S, non-intru-
sive devices are preferred. In the author’s experience, FSM-IT is most 
suitable and effi cient for sour gas pipeline corrosion monitoring.

28.2 Case studies

Six case studies2–8 where the results from corrosion monitoring by FSM-IT 
have been benefi cial to maintaining pipeline integrity and timely in prevent-
ing failure are presented in this chapter. FSM-IT data acquisition covers all 
pin pairs but in most applications, typical reports show the deepest metal 
loss readings and the most active pin pairs. Positions of the pits can be 
identifi ed by the corresponding pin pair numbers.

28.2.1 Case study 1: 6 inch sour gas pipeline

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 6 in (168.3 mm) in diameter and 12 km long
(b)  fl uid effl uents: 15% H2S, 2% CO2, 100 000 ppm Cl− and elemental 

sulfur deposition
(c)   corrosion mechanisms: wet sour gas. Corrosion morphology: isolated 

pits mainly at the 6:00 o’clock position
(d)  mitigation: continuous injection as there was no launcher/receiver 

facility.
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The line was shut down and FSM-IT device was installed ‘over’ existing pits. 
The monitoring was started in September 2004.

Results

Figure 28.4 shows the monitoring results. Area 1 had an original pit depth 
of 2.0 mm and was growing at a maximum rate of over 25 mm/y as detected 
by FSM-IT. Area 2 had an original pit depth of 3.8 mm and was growing at 

28.3 An FSM-IT installation before earth fi lling.

28.4 Case study 1: corrosion monitoring responses.
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a maximum rate of 28 mm/y as detected by FSM-IT. Up to 70% wall loss 
was detected.

Benefi ts

Because of the timely detection of high corrosion rate by the FSM-IT 
device, action was taken to cut out the section of the corroded pipe. In 
adjacent areas not covered by the device, corrosion rate as high as 75 mm/y 
was observed at the deepest pits. It was learned that it was diffi cult to miti-
gate deep pits with continuous-injection inhibitors. This FSM-IT monitoring 
program effectively prevented sour gas leak under river.

28.2.2 Case study 2: 4 inch sour gas pipeline

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 4  in (114.3  mm) in diameter and 4  km long
(b)  fl uid effl uents: 24% H2S, 9% CO2, 42 000 ppm Cl− and elemental sulfur 

deposition
(c)   corrosion mechanisms: wet sour gas. Corrosion morphology: isolated 

pits mainly at the 6:00 o’clock position
(d)  mitigation: continuous injection and pigging/batching.

The previously corroded line was cut out and FSM-IT device was installed. 
The monitoring was started in January 2001.

Results

Figure 28.5 shows the monitoring results. Signifi cant corrosion was detected 
from June 2002 with indicated wall loss of 87% as of January 2003.

Benefi ts

Because of the timely detection of high corrosion rate by the FSM-IT 
device, action was taken to cut out the section of the corroded pipe (Figure 
28.6). It was learned that changing operations (plunger lift) resulted in more 
severe corrosivity/fl uid fl ows. Actual wall loss was 44% and actual corrosion 
rate of 5 mm/y allowed re-calibration of software. The second sour gas leak 
was prevented.

28.2.3 Case study 3: 30 inch process water line

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 30 in (762 mm) in diameter and 30 km long
(b)  fl uid effl uents: process water
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(c)   corrosion mechanisms: oxygen corrosion. Corrosion morphology: 
numerous pits occurring around the entire circumference of the pipe

(d)  mitigation: continuous injection and pigging.

The line was shut down and one section was replaced with new pipe adja-
cent to an old section with 35% wall loss left in place. Two FSM-IT’s were 
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installed on the two adjacent old/new pipes (Fig. 28.7) and another one on 
one elbow. Corrosion monitoring was started in June 2002.

Results

Figures 28.8 and 28.9 show the monitoring results: 70% wall loss on old 
pipe, 52% on new one as of November 2002. On-going corrosion rate was 
in good trending agreement with LPR and ER (located in the plant further 
upstream) probe readings.

Benefi ts

Because of the timely detection of high corrosion rate by the FSM-IT 
devices, action was taken to cut out both new/old sections of the corroded 
pipe (Figure 28.10). It was learned that there was a slight difference in 
new/old pipe corrosion. The data was useful in evaluating further mitigation 
strategy.

28.2.4 Case study 4: 6 inch sour gas pipeline

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 6 in (168.3 mm) in diameter and 15 km long
(b)  fl uid effl uents: 18% H2S, 5% CO2, 30 000 ppm Cl−

(c)   corrosion mechanisms: wet sour gas. Corrosion morphology: isolated 
pits mainly at the 6:00 o’clock position

(d)  mitigation: continuous-injection and pigging/batching.

28.7 Case study 3: two FSM-IT matrices installed on adjacent new/old 
pipes.
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The previously corroded line was cut out and FSM-IT device was installed. 
The monitoring was started in October 2002.

Results

Figure 28.11 shows the monitoring results: an alarm of 66% wall loss and 
19 mm/y corrosion rate.

Benefi ts

Because of the timely detection of high corrosion rate by the FSM-IT 
device, action was taken to shut down the pipeline, cut out the corroded 
pipe (Fig. 28.12) and in-line inspection of the remaining line. Actual wall 
loss was measured at 41%. The current inhibition program was not effective. 
A sour gas leak was prevented.

28.2.5 Case study 5: 48 inch oil transmission pipeline

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 48 in (1220 mm) in diameter and 40 km long
(b)  fl uid effl uents: low water-cut crude containing less than 1% H2S, 5% 

CO2, and sand deposits
(c)  corrosion mechanisms: sour water corrosion. Corrosion morphology: 

pits at 6:00 o’clock where water drops out
(d)  mitigation: batching.

28.10 Case study 3: actual cut-out from the monitored old/new 
pipe section.
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28.11 Case study 4: corrosion monitoring responses.

28.12 Case study 4: actual cut-out (rectangular area was covered by 
FSM-IT on the external side).

An FSM-IT was installed at a location where a previous in-line inspection 
indicated signifi cant metal loss.

Results

Figure 28.13 shows the monitoring results. A maximum corrosion rate of 
3.5 mm/y was indicated. The monitoring results will be validated in future 
in-line or UT inspection.
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Benefi ts

Batching activities were found to be correlated to corrosion readings and 
hence could be optimized using FSM-IT results. The line will continue to 
operate until an alarm level is reached.

28.2.6 Case study 6: 8 inch sour gas process piping

The pipeline confi guration and conditions are:

(a)  pipeline particulars: 8 in (219.08 mm) and 300 m long
(b)  fl uid effl uents: high-velocity gas containing 0.53% H2S, 21% CO2, 

115 000 ppm Cl− at 90°C and 19 000 kPa
(c)   corrosion mechanisms: mixed H2S/CO2 corrosion/erosion. Corrosion 

morphology: general wall loss around whole circumference
(d)  mitigation: continuous injection inhibition.

An FSM-IT was installed on a new pipe and the monitoring was started in 
October 2001.

Results

Figure 28.14 shows monitoring results. From October 2001 to June 2002, 
average corrosion of 2 mm/y (80 mpy) was detected. After October 2002, 
average corrosion of 5 mm/y (200 mpy) was detected.

Benefi ts

Because of the timely detection of high corrosion rate by FSM-IT, the line 
was shut down and a weld overlay was installed as the inhibition was not 

28.13 Case study 5: corrosion monitoring responses.

48˝ Oil Transmission Pipeline – corrosion activity detected by FSM-IT vs. batch inhibitor treatments
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effective for the given high velocity/turbulent operating conditions. A sour 
gas leak was prevented.

28.2.7 Summary

In the six case studies, FSM-IT as a corrosion monitoring tool has been 
successfully used in monitoring the mitigation effectiveness and has been 
found benefi cial in preventing sour gas leaks in four cases, and in providing 
useful data for further evaluation in the other two.
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