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SUMMARY

A review of residual stress distributions in welded joints and the treatment of
residual stresses in defect assessment procedures is presented. A review of the
literature has been carried out on residual stress distributions in welded joints, with
particular emphasis on offshore structures, in order to identify representative
distributions. Consideration has also been given to the current methods for the
treatment of residual stress in defect assessment procedures, such as British
Standard PD 6493:1991 and the Nuclear Electric R6 procedure, and the methods
for measuring residual stresses. Areas of further work have been identified for
establishing a comprehensive catalogue of stress distributions.
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1. INTRODUCTION

Residual stresses can have a detrimental effect on structural integrity and are an important
consideration in failure assessment of structures. The stresses are introduced inherently, to
varying degrees, by a number of manufacturing processes although their adverse effects are
particularly apparent in welded joints. The superposition of high tensile residual stresses with
the high operating stresses to which offshore structures are subjected can promote failure by
fracture.

Residual stresses in as-welded structures may be up to yield magnitude in tension; with post-
weld heat treatment (PWHT), however, they are generally relaxed to about 10-25% of this
value. The magnitude and distribution of residual stresses introduced by welding operations
are strongly influenced by the geometry of the structure. Understanding the influence of
residual stresses is of fundamental importance in analysing the integrity of welded structures,
especially heavy section structures such as those used offshore.

In combination with stresses due to service loads, residual stresses may change the
susceptibility to failure modes such as corrosion fatigue, stress corrosion cracking and fracture.
These residual stresses can influence the fatigue life such that when the residual stresses are
tensile, the mean stress is increased and this can adversely influence the initiation of fatigue
crack growth and fracture. Conversely, when the residuval stresses are compressive the
interaction with the applied stresses can result in an overall reduction in the effective stress
level, thus enhancing the fatigue life and the resistance to fracture.

The purpose of the current work is to review residual stress distributions typical of those due to
welding in offshore structures and to identify representative distributions and their
classifications. An overview is given of methods currently recommended for the treatment of
residual stress in the BS PD 6493 1991 procedure [1] and in the Nuclear Electric R6 procedure
[2]). Recent investigations which comment on the suitability of these procedures are also
reviewed. Residual stress profiles have been collated from world-wide literature available in
the public domain. Steels studied include structural steels utilised by the offshore industry
(BS7191 1989 [3] and BS4360 1990 [4]) as well as those used primarily in the nuclear
industry,

The data obtained have been classified by the welded joint type. For each joint classification,
the surface and through-thickness residual stress profiles have been obtained where possible.
Stress profiles are provided for both longitudinal (parallel to the weld) and transverse (normal
to the line of the weld) directions. Figure 1 shows the stress directions identified for each of
the joint types. To enable comparison between joint types, the stress profiles have been
normalised to the 0.2% proof strength or yield stress of the weld or parent material (if material
data are available), as appropriate. The through-thickness profiles have also been normalised
with respect to the wall thickness.

Factors affecting the residual stress distributions in the welded joints are also studied. These
include the thickness of the parent plate/chord, the boundary restraint applied during the
welding process, the heat input supplied by welding (presented as energy per unit length,
kJ/mm), and the effect of post-weld heat treatment (PWHT). The general principles of stress
redistribution are discussed, along with fatigue crack growth and plasticity.



Conclusions and areas of further work for establishing a comprehensive catalogue of residual stress
distributions are presented in Chapter 7. Consideration of the methods for evaluating residual stresses
and their distribution using destructive, semi-destructive, non~destructive and numerical techniques

i3 presented in Appendix 1. The methods are assessed with reference to their potential for offshore
use.



2. DEFECT ASSESSMENT PROCEDURES

21  OVERVIEW OF UK PROCEDURES

The importance of residual stress on structural integrity behaviour is reflected in defect
assessment procedures and in the current recommendations of the Health and Safety Executive
(HSE) Guidance Notes [5] which recommend when post-weld heat treatment (PWHT) should
be used to alleviate residual stress. PWHT is recommended in plated and tubular nodal joints
for which the hot-spot stress, calculated for the maximum design load, exceeds 0.8 of the
specified minimum yield strength of the parent plate material and when the plate thickness
being joined exceeds 40 mm. For other regions, PWHT is recommend when the plate thickness
being joined exceeds 50 mm.

The Guidance Notes recommend that paragraphs 4.4.3-3 of BS5500 be used as the basis for
PWHT procedures, BS5500 specifies the PWHT temperature and time at temperature for a
range of ferritic steels (BS5500 1994 Table 4.4.3.1) and a rate for heating and cooling.

The significance of residual stress is also very apparent on implementation of HSE Guidance
Notes with respect to fitness for purpose assessment in the presence of defects. The Guidance
Notes allow the use of assessment procedures which can be used to assess fabrication defects or
defects which develop in service.

The defect assessment procedures commonly used in UK industry, BS PD6493:1991 [1] and
R6/Rev3 [2], are based on the concept of the Failure Assessment Diagram (FAD) which
combines considerations of failure by plastic collapse and fracture. This requires the
evaluation of two parameters designated S, (or L,} and K. S, is defined as the ratio of the
applied load to the collapse load based on flow stress, i.e. the mean value of the yield stress and
ultimate tensile stress, whereas L, is the ratio of the applied load to the plastic limit load based
on yield stress. K is defined as the ratio of the stress intensity factor to the fracture toughness.
A failure assessment curve is obtained by plotting values of S, (or L.} and K, that cause
limiting conditions. To achieve the critical crack size for a given load, crack dimensions can be
adjusted until the (S.,K;) (or LK) co-ordinates fall on the assessment curve. Alternatively, to
calculate the critical load for a given crack size, the applied load can be adjusted until the

(8,.K;) (or LK) co-ordinates fall on the assessment curve. Typical FADs are presented in [1]
and [2].

In BS PD6493:1991, three levels of assessment are provided, the degree of complexity
increasing with each level in order to obtain greater accuracy in the assessment. The level 1
method is used as a conservative preliminary assessment. Level 2 is the most commonly used
method and provides realistic predictions of fracture. Level 3 is the most accurate method but
requires very detailed analysis.

R6/Rev3 has three options of failure assessment curve, the degree of complexity increasing
with each option. Option 1 is a general curve, Option 2 is a material specific curve obtained by
detailed knowledge of material stress-strain behaviour, and Option 3 is a material and geometry
specific curve usually obtained from the results of elastic-plastic finite element calculations. In
addition, there is a further failure assessment curve given in Appendix 8 of R6/Rev3 which is
specifically applicable to structures made of carbon manganese (mild) steels.



2,2 TREATMENT OF RESIDUAL STRESSES IN FRACTURE ASSESSMENTS

The effects of residual stresses are determined by dividing them into two categories. Long
range residual stresses produce primary stresses (oP) which contribute to plastic collapse.
Short range residual stresses produce secondary stresses (6% which do not contribute to plastic
collapse and hence are not included in the S, (or L) parameter. The oP and 6% components
caused by residual stresses are added to the other primary and secondary stresses generated by
the applied loading system.

When there is a combination of oP and o® stresses, plasticity effects occur which cannot be
evaluated by a simple linear addition of the stresses resulting from the two independent stress
systems. A term p is included in PD6493 and in R6/Rev3 to cover interactions between these
two systems such that:

K=K /Kyt +p 3)
where K,,,; is material fracture toughness, and

K;=KF+K;S @)
where KP and K3 is the stress intensity factor resulting from oP and ¢ respectively.
Values for p in both PD6493 and R6/Rev3 are given as a function of K;SL, /K.

It should be noted, though, that residual stresses which are self-equilibrating in the whole
structure may not be self-equilibrating on the section containing the flaw. Such stresses are not
necessarily classifiable as o5 stresses and if in doubt the stress category oP should be assumed.

It is evident from the above that the effect of the residual stress distribution can be significant
and needs to be given careful consideration in the application of defect assessment procedures.

2.3 MAGNITUDE OF RESIDUAL STRESSES

At Level 1 in PD6493, for structures in the as-welded condition, tensile residual stresses are
conservatively assumed to be uniform and equal to the room temperature yield stress of the
weld or parent metal depending in which the flow is located. For structures subjected to
PWHT, the level of remaining residual stress may be estimated on the basis of stress relaxation
tests. Where such data are unavailable, it may be assumed in carbon manganese and lower
alloy steels that the stresses after heat treatment are 30% of the room temperature weld metal
yield strength for stresses parallel to the weld, and 15% of the room temperature weld metal

yield strength for stresses transverse to the weld. These assumptions are in accordance with
BS5500.

Assessments at Levels 2 and 3 in PD6493 are based on the actual distribution of stresses in the
vicinity of the flaw, When the distribution of residual stress in an as-welded structure is
unknown, the residual stress component may be assumed to be uniform and equal to the
appropriate material yield strength as for Level 1. The residual stress assumed in the analysis
can be reduced to the lower of

o, or (l4-o,/01)0, | (1)



where:
o, is the effective net section stress under the proof load conditions

oL, is oy for Level 2 and 1.20,, for Level 3
oy is the appropriate material yield strength at the proof test temperature

oy is the flow strength (assumed to be the average of the yield and tensile strengths) at
the proof test temperature

Typical distributions of residual stress are provided in BS PD-6493 for the through-thickness
base plate stress for fillet and butt welds. At the toe of a fillet or T-butt weld, the distribution of
transverse residual stresses has been idealised and expressed as a function of the heat input and
yield strength, i.e.

y=[(122/0y)(g/v)]%? (2)

where:
y is the depth of the idealised residual stress field at the weld  toe in a fillet or T-
butt weld.

oy is the yield strength or 0.2% proof strength
q/ v is the heat input of the weld run

The guidance given in BS PD 6493:1991 [1] for quantifying residual stress distributions is very
limited and in many cases over-conservative. The recommendations on residual stresses are
being revised in the forthcoming revision to BS PD6493:1991. Although no detailed guidance
as such is currently given in R6/Rev3 on residual stress distributions, a new Appendix 12 on
determination of residual stresses is due to be published.






3. RECENT DEVELOPMENTS IN THE TREATMENT OF
RESIDUAL STRESS IN FRACTURE ASSESSMENT

3.1  STRESS CLASSIFICATION

The nature of residual stress is that it is self-balancing. It has been proposed [6, 7] that this
balance can be achieved in three fundamental ways although some interaction between residual
stress types and structure loading will also occur [8).

(i) Residual stress can be balanced globally throughout the structure so that some
members experience membrane tension load and other members provide a balancing membrane
compression load. An example is diagonal cross-bracing members between nodes.

(ii) Residual stress can be balanced in the plane of plate material. An example is at a girth
weld between tubes where meridian and hoop stresses are in balance up to a characteristic
distance away from the weld.

(iiiy  Residual stress can be balanced through the thickness of a plate. An example of this is
a butt weld between plates where the plate surface near to the weld will experience tensile
stress and the plate mid-thickness will experience a balancing compressive stress.

These three respectively residual stress types have been classified as long range, medium range
and short range {6, 7]. The classification depends on the characteristic distance away from the
weld at which the residual stress decays to zero. For example, the characteristic decay length
for a girth weld between tubes, which would be classed as a medium range stress, is 2.5rt
where r is the tube radius and t is the wall thickness. The decay length for the through-
thickness stress at a plate butt weld, which would be classed as a short range stress, is much
smaller, being equal to the plate thickness.

In summary, residuval stress can be partitioned into membrane, through-wall bending and
through-wall self-balancing components which are characterised as long range, medibm range
or short range respectively. This characterisation depends on two factors which are first,
whether the sfress produces a progressively increasing stress intensity factor with increasing
crack length and, secondly, whether the stress produces a change in ligament net stress with
increasing crack length. Long range stresses result in an increase of both the stress intensity
factor and ligament net stress with increasing crack length. Short range stress influences
neither the stress intensity factor nor the ligament net stress as crack length increases. Medium
range stress only influences the stress intensity factor as the crack length increases. Short range
stresses have the least effect on fracture behaviour and long range stresses the most.

This classification of stress is also important with respect to the influence of heat treatment,
Short range residual stress will be reduced by local heat treatment whereas it is well known that
long range residual stress, acting as primary stress, does not readily reduce through local heat
treatment.

The existing PD6493 and Ré procedures allow for the difference in behaviour between long-
range and medium-range residual stress to be included where the stresses distributions are
known but the considerable benefit to be gained by characterising residual stress as short-range
where appropriate is not acknowledged.



3.2 FRACTURE OF THROUGH-THICKNESS CRACKS

In recognition of the over-conservative treatment of residual stress in fracture assessment,
recent research work has been specifically aimed at identifying a realistic treatment for
assessing the integrity of through-thickness cracks.

Considering the treatment of in-plane, self-balancing residual stress (medium range) in the
presence of through-thickness defects, it was concluded from experimental work [8] that there
is a large influence of residual stress on load carrying capacity for low Lr values where Lr is
defined as the applied load divided by the plastic limit load accounting for the presence of-the
defect. Since Lr is determined using primary loads only, the residual stress is very important
where primary loads are low. However, the influence of residual stress reduces to zero at Lr
values greater than unity. This recognises that high primary loads can act to relieve residual
stress through mechanical stress relief induced by plastic flow. The PD 6493 procedure
predicts the effects of primary stresses satisfactorily provided that the magnitude and
distribution of the residual stress are known. Otherwise, considerable conservatism may result.

Considering the treatment of through-thickness, self-balancing (i.e. short range) residual stress
in the presence of through-thickness defects, it has been acknowledged [6, 7] that the stress
intensity factor is primarily dependent on plate thickness rather than crack length. This means
that the stress intensity factor is a constant which can be included in the fracture assessment as
an effective reduction in fracture toughness. As reported in Section 2.3. the current PD 6493
procedure for including secondary stresses can be expressed in the form:

K=K+ K +p ©®)
where KP=KP/K .,
and Krs = KIS [Kmat

K yqt is the fracture toughness
It has been proposed that a more realistic and less conservative treatment of residual stress is:

K; =KP + K¥(long range) * [Kr(medium range) +P] */- ¥(short range) (6)
where p is a correction factor accounting for the influence of plasticity on medium range
residual stress, and is identical to the p factor currently incorporated into PD6493 (see Section
2.3).

7={C oV )]/ Kppat Q)
which is positive at the plate surface and negative at the plate mid-thickness

o is the surface value of the through-thickness, self-balancing residual stress

C is a constant

and  tis the plate thickness.



In Eqn.(6) the long range, medium range and short range residual stress types are identified
separately and their individual influences considered. The important point to note is that the
stress intensity factor of a through-thickness crack with through-wall, self-balancing stress is
dependent on plate thickness rather than crack length and achieves a maximum value when the
crack length is approximately equal to the plate thickness.

For a through-thickness crack, the constant C in Eqn.(7) is 0.43 for the case of a through-wall,
self-balancing stress in the form of a cosine wave. Triangular and square through-wall, self-
balancing stress distributions have constants-of 0.38 and 0.48 respectively [9].

3.3 FRACTURE OF EXTENDED SURFACE CRACKS

For extended surface cracks the same stress classification may be uvsed. For short range,
through-wall, self-balancing stress, the stress intensity factor for an extended surface crack
achieves a maximum value at a crack depth approximately equal to the zero stress depth in the
uncracked plate. For crack depths greater than this, the stress intensity factor reduces. Thus
the treatment of short range stress through the y (short range) factor is again applicable since
the maximum achievable stress intensity factor depends on plate thickness. Coincidentally, the
constant C in Eqn. (7} for the extended surface crack is also equal to 0.43 for a through-wall
cosine stress distribution. For triangular and square through-wall, self-balancing stress
distributions, the constants for the extended surface crack are 0.33 and 0.72 respectively [9].

3.4 FRACTURE OF SEMI-ELLIPTICAL SURFACE CRACKS

For semi-elliptical surface cracks, fracture may initiate from the maximum depth or from the
surface breaking position. For long range and medium range stress types, stress intensity factor
solutions are available in the literature. For the short range through-thickness, self-balancing
stress, the stress intensity factor at the maximum depth position is conservatively given by the
extended surface crack solution and for the surface breaking position by the through-thickness
crack solution.
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4. RESIDUAL STRESS DISTRIBUTIONS FOR AS-WELDED
JOINTS

4.1 INTRODUCTION

Residual stress distributions within welded joints can be classified according to the geometry
type, and hence the results presented in this section have been grouped into the following
categories:

i) Plate butt welded joints

ii) T-butt welded joints

iii) Pipe butt welded joints

iv) Pipe seam welds

v) Repair welds

vi) Closure welds

For each of the above geometries, the following data were obtained (where available) in order
to characterise the residual stress distributions:

a) reference

b) measurement method

¢) plate thickness

d) boundary restraint

e) heat input

f) residual stress direction relative to the weld bead

The data taken from the literature for welded joints are summarised in Tables 1-5 according to
each of the categories. The residual stress distributions that are presented are mainly based on
measured experimental data from tests and as such they are subject to the accuracy of the
methods of measurement (see Appendix).

4.2 PLATE BUTT WELDED JOINTS

Plate butt welds obtained in this study are shown in Table 1, the data which relates mostly to
ferritic steels of the nuclear industry. Work by Leggatt [16, 17] and Porter Goff and Tsiagbe
[20] relate to steel similar to BS 4360 grade SOE carbon manganese steel. Work by Zhou et al.
[10] and Lidbury [21] studied residual stresses in heavy section weldments, while Ueda et al.
[19] studied finite element analyses also on heavy section weldments. Transverse residual
stress distributions, normalised against the yield stress and plate thickness are presented in
Figure 2.

The longitudinal stresses measured by Leggatt [17] are shown in Figure 3. The work by Leggatt
presented the residual stress distribution in butt welded plates of 25.4 mm thickness BS 4360
grade 50E carbon manganese steel. The welds used a double V preparation. The strains were
measured using the neutron diffraction method, and then residual stresses deduced. The plates
were held flat during the welding root runs (first two passes), but were then unrestrained for the
remaining passes. The longitudinal residual stresses in the welds of the butt welded panels
were in the range 320 to 576 MPa, compared to the mean weld metal yield strength of 517
MPa. The transverse stresses were in the range 21 to 144 MPa,

11



A review was carried out by Ruud and Dimascio [11] on the prediction of residual stresses in
heavy plate butt welds. They referred to the residual stresses due to submerged arc welding in
a 170 mm thick plate, measured by the X-ray double diffraction technique. The surface and
mid-thickness stress distributions determined from the survey are shown in Figure 4. The
tensile stresses are those obtained at the surfaces, whilst the compressive stresses are
representative of stresses at the mid-thickness. The solid and dotted lines represent the
transverse stresses and the stresses parallel to the weld centreline respectively on a traverse
from the weld fusion line to a distance of about two plate thicknesses. The principal stresses
were found to be perpendicular to, and parallel with, the weldment in the plane of the plate. It
was noted that the stress perpendicular to the weld at the surface varied from close to the yield
strength at the weld toe to near zero at a distance of one plate thickness from the weld toe. The
stresses decreased in magnitude with depth into the plate, reaching the magnitude of the yield
strength in compression in the centre of the plate.

Zhou et al. [10] studied residual stresses in welded heavy section plates of pressure vessel
steels using the hole drilling method. The weldment was 595 mm long, 256 mm wide and 150
mm thick. The weld preparation was a single V and the heat input was 4 kl/mm. After
welding, the weldment was heat treated at 315°C for 6 hours and air-cooled to prevent
cracking. Two other specimens of A737 grade B and A737 grade C were used to study the
effect of post-weld heat treatment (PWHT) on residual stresses. The weld preparation was 'K’
shaped and the heat input was 2.77 kJ/mm. They found that the residual stresses perpendicular
and parallel to the weld were tensile at the surface, or near the surface, and compressive at the
centre of the weldment thickness. The largest residual tensile stress was located in the
longitudinal direction, parallel with the weld, at the centre of the weldment; whereas the largest
compressive residuval stress was in the transverse direction, perpendicular to the weld, at the
centre of the weldment. Two different measuring techniques were used to quantify the residual
stresses. The Battelle chip-removal technique was found to produce stress level measurements
comparable in magnitude, but more consistent and less scattered than those from the hole
drilling technique.

The surface stresses measured along the weld and transverse to the weld by Zhou et al. [10] are
shown in Figure 5. It can be seen that stresses along the weld are tensile and are at a maximum
in the centre of the plate. In the transverse direction, the distribution shows a similar trend, with
the maximum stresses at the centre of the weld. Zhou et al. concluded that for heavy section
welds, the tensile stresses are always substantially less than the yield strength of the steel in the
high strength steel weldment.

Karthick and Radhakrishnan {12] developed a theoretical analysis of the residual stresses that
was based upon the variation of thermal and mechanical properties of the material with
temperature. The results were verified against experimental results carried out on low carbon
steels which are presented in Table 1. Three welded plate specimens with a thickness of 12
mm were studied using the X-ray diffraction technique. They found that as the heat input
increased, the extent of tensile residual stress that was adjacent to the weld line increased, but
its magnitude decreased.

Sandstrom et al. {13] evaluated the residual stress distribution in heavy weldments of A533B
steel. The plates had a thickness of 130 mm and the heat input was approximately 1.8 kJ/mm,
The results were in good agreement with those on other weldments of similar geometry in
heavy plates. In the weld metal the longitudinal stresses were essentially tensile with a
minimum value around the centre of the plate. Transverse stresses were compressive in the

12



centre of the plate and tensile towards the plate surfaces. The stresses in the short transverse
direction were smaller than those in the other two directions.

Ueda and Nakacho [14] studied the distribution of residual stresses in multi-pass weldments of
2%Cr-1Mo A336 grade F22 steel. The submerged arc weld was prepared with a double U-

groove (as used in cylinder-head joints) with plate thicknesses of 200 and 300 mm. No restraint

was applied during the welding process. They also presented results from previous work

which studied welded plates of thicknesses of 50 and 100 mm. The surface measurements by

Ueda and Nakacho [14] for a 50 mm mild steel plate are shown at the top and bottom surfaces

in Figures 6 and 7 respectively. The longitudinal stresses were at a maximum in the weld on the

top surface. Transverse stresses were at a maximum in the weld on the bottom surface, and in

the plate on the top surface. Ueda and Kim [24] reported the results of an investigation into
calculating three-dimensional residual stress components, based upon the experimental results

presented by Ueda and Nakacho [14].

Fidler [15] investigated surface residual stresses in 76 mm thick welded plate with three
different types of welding - weave, stringer bead and horizontal/vertical welding. The
conclusion was that the residual stresses in the weld metal of a plate welded with a weave weld
were generally lower than those in a plate welded with a stringer weld. The results also showed
that although the residual stresses measured in the weld metat of all three weld types were high,
the standard stress relieving cycle of one hour per 25 mm thickness was sufficient to reduce the
stresses to acceptable levels of less than 50 MPa for both weave and stringer and less than 103
MPa for the horizontal/vertical weld type.

Porter Goff and Tsiagbe [20] studied residual stresses in 12 mm welded grade 50D plate. Two
different welding types were used - TIG (with a heat input of 2,9 kJ/mm) and MIG (with a heat
input of 2.2 kJ/mm). Two different filler wires were used for the MIG specimens (BOC/LW1
and Linde 95). The plate was single pass welded to just fill a 60° V-groove that was 9 mm
deep, machined on the longitudinal centre-line of each plate. The welded plates were subjected
to PWHT, and then the surface residual stresses were measured using the hole drilling
technique,

Lidbury [21] undertook a review of the significance of residual stresses in relation to the
integrity of nuclear reactor pressure vessels. In this document, he presented results obtained
from previous work by a number of different authors. Only three results were not previously
published and these are included in Table 1. Two results were from investigations using A533
grade B class 1 steel plate with a plate thickness of 279 mm and 172 mm. The methods of
measurement of the residual stresses used were hole drilling and x-ray diffraction respectively.

Through-thickness stress distributions presented by Stout [22] were obtained from a previous
study on 24 mm thick plate welded by a multiple pass butt weld with no boundary restraints.

Ueda et al. [19] studied theories and procedures of the analysis of residual stresses using
different finite element (FE) analysis techniques. The data included in Table 1 is for the FE
results. The FE was performed on welded plates with thicknesses of 200 and 300 mm. Results
were presented for the though-thickness transverse residual stresses, as shown in Figure 2.

Work undertaken by Wu and Carlsson [23] presented parametric equations that could be used

to describe residual stress fields, with diagrams showing the typical distribution of residual
stresses in plates joined by butt welds.
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The effects of PWHT on residual stresses in submerged-arc welded 50 mm thick C-Mn-Nb-Al
parent steel were studied by Leggatt [16], using a hole drilling measuring technique to
determine the surface stresses, and a block removal technique to quantify the through-thickness
stress distribution. It was noted that the maximum residual stresses in the welds lay in the
longitudinal direction parallel to the weld length, while the transverse stresses were found to be
much lower. The differences were attributed to the different restraint conditions as strong
backs had been used.

A summary of investigations into residual stresses as a consequence of different welding passes
was reported by Wohlfahrt [18], who included data previously derived for multi-pass welded
sheet of high strength structural steel StE 690. It was noted that the transverse residual stress
distribution followed a typical "W" shape at both the bottom and top surfaces, with the
maximum being at the weld centre-line, as shown in Figure 8.

Overall, the transverse through-thickness stress distributions were found to have greater
variation than the longitudinal though thickness stress distribution. This may be due to the
greater variation of constraint in the transverse direction than in the longitudinal direction,
during welding. Constraint was not quantified in any of the references and as a result this
effect cannot be confirmed. The restraint may also cause similar variations between the
transverse and the longitudinal through-thickness distributions, but there is insufficient data to
confirm this.

4.3 T-BUTT WELDED JOINTS

Table 2 summarises the information that has been collated on T-butt welded joints [23-30].
The results have been discussed according to the following categories:

¢ T-Plate joints

¢ Pipe-on-plate joints

¢ Tubular joints

4.3.1 T-Plate Welded Joints

A total of six experimental residual stress results were obtained for T-plate welded joints, with
one result relating to a finite element analysis,

Allen et al. [38] made measurements on model T-butt plate weldments to determine the ability
of the neutron diffraction method to measure the through-thickness distribution of welding
residual stresses. The model was fabricated from 25.4 mm thick BS 4360 grade 50D steel
plate.

The neutron diffraction measurement technique was applied by Holden et al. [25] to assess the
residual strains present in a 25 mm thick T-plate welded joint. The residual stresses were then
calculated from the measured strains. The T-plate welded joint was used as a laboratory-scale
model representing a small angular segment of a complete weld of the type frequently used in
typical offshore tubular joints. Welding was carried out with the vertical rolled plate having no
restraints and with the use of a balanced welding technique. The average heat input was 1.4
kJ/mm and no post-weld heat treatment was applied. It was noted that there was a high tri-
axial stress state close to the toe of the weld. The through- thickness longitudinal stress
decreased to zero half way through the plate, and was compressive in the back half of the plate.
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The transverse stress was found to be compressive in the middle of the plate and tensile at the
front and back surfaces.

Holden et al [25] made a comparison of their own results and those by Allen et al. [38]. In
both cases, multi-pass weldments were made, except that, in the tests by Allen et al., the cross-
piece was restrained during welding and the measurements were made after the restraints were
released. The results for longitudinal and normal strains were quite similar, however, the
transverse strains obtained by Holden et al. were higher near to the toe of the weld, The
suggested reason for this was that in the constrained weld there would be high tensile strains at
the front of the plate and high compressive strains at the back. On removing the restraint, the
cross-piece would unload, thus reducing the tensile effect at the front of the plate and
compressive stresses at the back of the plate.

Residual welding stresses present in four T-plate joints from BS 4360 grade 50D steel were
studied by Morgan and Gardner [36] who applied the air-abrasive hole drilling technique. Two
of the joints were evaluated in the as-welded state, and two were post-weld heat treated.
Residual stress measurements were made both along the specimen centre line, near the weld
toe, and on the specimen side faces immediately below the weld toe on stress-relieved and as
welded joints. Strain measurement by three axis strain gauges allowed the calculation of the
angular displacement of the maximum principal stress from the longitudinal axis of the
specimen - the same methodology as applied by Holden et al. [25].

The geometry tested by Holden et al. [25] was used as the basis for a finite element study by
Mok and Pick [28]. This FE investigation is shown in Table 2. The transverse and longitudinal
residual stresses obtained in the plate below the toe of the weld for the experimental results and
the FE results are shown in Figure 9. The surface residual stresses along the top and bottom
surfaces as derived from the FE analysis by Mok and Pick are shown in Figures 10 and 11.

Altogether, the as-welded specimens showed that the tensile residual stress rise rapidly towards
the weld and indicated that stresses approaching the yield strength of the material had
developed a few millimetres from the weld toe. It was also noted that measurements made
beyond 10 mm from the weld resulted in lower longitudinal stresses than those measured on the
plate 180 mm from the weld (thought to be induced by the plate rolling and cooling during
manufacture). The joints that had PWHT were found to have stresses of a much lower
maguoitude than the as-welded specimens but there was no clear pattern of stress orientation,

4.3.2 Pipe-on-Plate Welded Joints

Eight test resuits were found to relate to the evaluation of residual stresses in pipe-on-plate
welded joints, with one result derived from a finite element analysis.

Porter Goff et al. [31 & 35] experimentally determined the residual stress distributions in six
pipe-on-plate specimens. Three of the joints were evaluated in the as-welded condition, and the
remainder were post-weld heat treated before the stresses were measured. None of the joints
were restrained during the welding process, in which a mean heat input of between 1.41 and
1,98 kJ/mm was used. The residual stresses were determined by stress relaxation methods, i.e.
surface stresses were obtained by abrasive air-jet centre hole drilling, whilst the through-
thickness stress distributions were determined using an adaptation of the Rosenthal/Norton
block sectioning method. However, the results for the surface stresses were restricted to areas
of secondary interest due to the physical interference between the drilling head and the brace
pipe.
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The distributions of residual stress from all specimens in the as-welded condition showed that
the most critical tensile stress state within 2-3 mm of the welded surface. This transverse stress
was noted to fall rapidly to half yield tension within 10 mm of the surface in the trans direction.
The most compressive through-thickness stresses were found to be at the mid-thickness of the
member. It was also observed that the range of stress as in the distribution increased with
increasing thickness of the plate. The authors suggested that the weld toe results obtained
experimentally from the pipe-on-plate specimens appeared to be typical of true tubular joints.
The transverse and longitudinal through-thickness residual stresses at the weld toe are shown
for those specimens in the as-welded condition in Figure 12,

Zlochevskii et al. [26] studied the distribution of residual stresses (by a hole drilling technique)
as applied to multi-pass welding of shell structures. The joint investigated was a 180 mm
diameter solid cylinder 150 mm long welded to an aperture in a 40 mm thick plate. It was
found that the magnitude of both transverse and longitudinal residual stresses in the parent
metal reached the yield stress in the regions where the weld met the parent metal, while at
depths of 2 mm in the weld the yield stress was found to be exceeded by 10-20%.

Leggatt [17] presented results from an investigation undertaken in collaboration with AEA
Canada Ltd. One pipe-on-plate result was presented for a pipe of outside diameter of 76.2 mm
and thickness of 9.5 mm welded to a plate 130 mm thick. The measurement method used was
neutron diffraction. The maximum measured radial stress was 300 MPa, and was located in the
weld metal 5 mm below the top surface and 5 mm from the interface with the tube. The
maximum measured hoop stress was 350 MPa, at the same location as the maximum radial
stress. The maximum axial stress was 50 MPa and was found in the pipe at 2 mm below the
top surface, $ mm from the interface with the weld.

Finch and Burdekin [33] employed the data presented previously (by Free) to specify residual
stress distributions for FE analysis of a pipe-on-plate model, using the FE package ABAQUS.
The dimensions of the experimental model and the test results obtained are shown in Table 2.
The experiment showed that near to the weld toe, the transverse stresses reached a peak tensile
vield at about 2 mm below the top surface, and reduced sharply from there downwards to a
minimum value close to zero at just below the mid-point of the thickness. The stresses then
increased to about one third of the yield strength at the bottom surface of the plate. Near to the
weld toe, the longitudinal stresses were noted to reach a peak yield tensile at about 2 mm below
the top surface, and reduced sharply from there to a minimum value. They then increased to
about half of the yield strength at the bottom surface of the plate. Both the transverse and the
longitudinal stresses were noted to become more uniformly distributed through the thickness
from approximately 3 mm either side of the weld toe.

4.3.3 Tubular Welded Joints

A total of seven results relating to the residual stresses in tubular joints were found. Five of
these were for T joints, and two were for Y (70° and 45°) joints.

Payne and Porter Goff [30] presented results for three T joints. Surface measurements of
residual stresses were obtained by abrasive air-jet centre hole drilling, however, as also
- reported by Porter Goff et al. [31 & 35] the results for the surface stresses were restricted to
areas of secondary interest due to the physical interference between the drilling head and the
brace pipe, and could only be determined at the weld inner surface below the weld toe. The
specimens were welded with a linear weld heat input being limited to about 0.6 kJ/mm per
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pass. The through-thickness residual stress results were obtained by block sectioning. Two
different chord thicknesses were used, 22 and 36 mm, and it was found that in the thicker chord
the critical through-thicknesses stresses were more tensile in the transverse direction, but less
tensile in the longitudinal direction. The stresses are presented normalised to the material yield
strength, 488, 491 and 365 MPa, and chord thickness 22, 22 and 36 mm respectively, in Figure
13.

A study of the stress distribution in the two Y tubular joints [31 and 35] derived the through-
thickness distributions in the transverse and longitudinal directions as shown in Figures 15 and
16 at the positions of the crown and saddle respectively. The results show a tensile stress near
to the weld toe, at a value almost equalling the yield stress.

Figure 17 shows the transverse and longitudinal stresses through the thickness of the chord for
each of the tubular joints referred to above [27] that had a chord wall thickness of 22 mm. One
result for a pipe-on-plate joint is also shown for comparison purposes. It can be seen that all
stresses are tensile near to the surface of the weld toe and that stresses are mainly compressive
at mid-thickness (except for pipe-on-plate specimen, P1). Stresses are tensile at the opposite
surface in order to maintain a self balancing distribution through the thickness.

Machida et al [32] carried out brittle fracture tests on two T type tubular joint model specimens
to study the effect of residual stress on the fracture strength. The tests were carried out for as-
welded and PWHT (625°C for 2 hours) specimens. The welding residual stresses were
calculated from measurements made using the local stress relief method. Figure 14 shows the
stress distributions at the chord for two specimens. It should be noted, however, that the
residual stresses apparently exceed the yield stress of the material, which is thought to be either
an overestimation caused by the stress measurement technique or misquoted residual stress
values in the reference,

It may be concluded that the through-thickness stresses show a fairly consistent trend for the
pipe on plate, tubular T node and tubular Y node which could be attributed to the self-
constraining nature of these joint types.

4.4 PIPE BUTT WELDS

A survey of test data and prediction methods on residual stresses in pipe butt (cylindrical girth)
welds {49] was presented in 1989 where stress distributions through the wall thickness and on
the outer and inner surfaces were given. Experimental measurements were compared with the
analytical model of Scaramangas, as presented by Scaramangas and Porter Goff [47]. The data
obtained from these and other test results on pipe butt welds are shown in Table 3 [40 to 51].

The data obtained relating to pipe butt welds {47} were found to exhibit a number of trends
useful in understanding the overall behaviour of cylinder girth welds. "The molten weld pool,
when it solidifies and shrinks, imposes a circumferential tendon force on the cylinder which is
analogous to a tourniquet. However, the longitudinal stresses along the axis of the cylinder due
to this effect are compression on the outer surface and tension on the inside surface, at the girth
weld centre-line. Away from the girth weld the stresses decay rapidly. In the longitudinal
direction of the cylinder, if the cylinder is restrained, though thickness tensile residual stresses
are developed due to the different amounts of shrinkage throughout the thickness of the weld.
This latter effect induces tension stresses on the outside surface and compression stresses on
the inside surface of the cylinder wall." [47].
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Leggatt [43, 46] made measurements on a pipe with an outer diameter of 610 mm and with a
wall thickness of 15.5 mm. The parent material had a typical yield stress of 510 MPa and the
weld metal 540 MPa. Measurement of the through-wall thickness distribution of axial stresses
in the weld by the layering method showed that the stresses were compressive on the outer
surface, had a peak tensile value of 200 MPa below the surface and were zero at the inner
surface. Holden et al. [44] measured the axial strains at a girth weld in a 914 mm diameter
line-pipe using neutron diffraction, The pipe had a 16 mm wall thickness. Through-wall
variations of the axial residual stress at the weld centre-line were determined by layering
methods, and show similar trends to those observed by Leggatt [43, 46].

Jonsson and Josefson [45] determined the stresses during and after single pass butt welding of a
pipe with an outer diameter of 203 mm and a wall thickness of 8.8 mm. The residual stresses
were obtained around the circumference of the pipe at the weld centre-line and two other axial
positions. The residual stress field was found to be rotationally symmetric despite the rapid
cooling induced after welding. The hoop stress was observed not to change during the final
cooling and was found to exhibit almost no variation in the circumferential direction. In further
work by Jonsson et al. [50], residual stress measurements were made for two multi-pass butt
welded pipes with an outer diameter of 350 mm and a wall thickness of 20 mm. The pipes had
differing weld preparation, the first a single-U groove and the second a narrow-gap. Residual
stress measurements were obtained around the circumference at three different axial positions.
The residual stress state was found to be rotationally non-symmetric at the weld centre, but
approximately symmetric away from the weld. The measured narrow gap groove residual
stresses, and radial deflections on the outer surface, were larger than those on the single U
groove. The total circumferential variation for both axial and hoop stresses in the single pass
butt welded pipe was found to be somewhat smaller than the corresponding variation measured
for a multi-pass butt welded pipe.

The work by Scaramangas and Porter Goff [47] considered the through-thickness distributions
for three butt welded cylinders in 1 metre diameter pipe with wall thicknesses of 9.1, 15.0 and
19.5 mm from grade 50D BS 4360 steel. These experimental results were then used as the
basis for the validation of an analytical model used to predict residual stresses. From these
investigations it was found that the primary parameter that determined the residual stress
magnitude and through-thickness distribution was the net linear heat input per pass per unit
wall thickness. A secondary parameter was identified as being the geometrical ratio of mean
cylinder radius to wall thickness (as shown in Table 3 as "R/t"),

Residual stresses obtained for thicker butt welded pipes were obtained from the work by
Ritchie and Leggatt {40] and Fidler [41, 42]. Ritchie and Leggatt measured the through-
thickness variation of axial residual stress in the circumferential weld of a cylinder, outer
diameter 761 mm and wall thickness 25.4 mm. The stresses were measured at three locations
and were found to be predominantly tensile, with peak values at the toe of the weld root in the
range 90 to 250 MPa. These were significantly lower than the weld metal yield stress of 430
MPa. Fidler [41] determined the residual stress distribution in a CrMoV-2CrMo pipe butt weld
of 230 mm bore and 84 mm wall thickness. The method of residual stress measurement was by
the trepanning technique. The results of the analysis showed that, in general, the residual hoop
stresses over the outer two-thirds of the weld were tensile, and were compressive over the inner
third. Axial stresses were tensile over the outer third and compressive over the inner two thirds
of the weld.

Bonner and Smith [48] measured the residual strains in butt welded pipe using a variety of
measuring techniques, including gun-drilling, hole diameter measurement, electro-chemical
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machining and hole diameter re-measurement. They presented results of the residual stresses
measured in a pipe butt weld for a pipe with a wall thickness of 85 mm using a deep hole
technique. This specimen was made from carbon steel pipe with a single-V type weld
preparation wete used to manufacture the specimen. It was found that the residual stress on the
interior surface was compressive, becoming tensile at 9-17mm from this surface. The axial
stress was noted to return to compression on the exterior, while the hoop stress magnitude was
seen to fall, as in Figure 18. :

The through-thickness distributions in the work referred to above are shown in Figures 19 and
20 in the axial and hoop directions respectively. Surface stress distributions measured by
Fidler (41, 42] and Leggatt [43] are shown in Figures 21 and 22 respectively. Ueda and
Nakacho [14] presented residual stress results for an investigation using a large size penstock
model in which a circumferential butt weld was fabricated. Surface residual stress distributions
are shown in Figure 23.

It may be concluded that the axial through-thickness stress distribution (Figure 19) is divided
approximately between through-thickness bending and through-thickness self-balancing with a
tendency towards higher bending stress for thinner walls and towards higher self-balancing
stress for thicker walls. The hoop through-thickness stress distribution (Figure 20) is
dominated by the tourniquet effect to produce a large membrane stress and small self-balancing
stress for all wall thicknesses. The hoop surface stresses are approximately yield stress at the
position of the weld and rapidly reduce to about one quarter of the yield stress at a distance of
approximately one plate thickness from the weld (Figures 19 and 20). Axial surface stresses
reach & maximum of almost half yield at one to two plate thicknesses from the weld and can be
much lower, almost zero to 20% yield at the weld itself (Figures 21 and 22).

4.5 PIPE SEAM WELDS

Data from the available literature on pipe seam welds are shown in Table 4. Only two tests
were found to relate to the assessment of residual stresses in pipe seam welds. Figure 24 shows
the through-thickness residual stresses for the two tests, and Figure 25 shows the surface
residual stresses for these tests. Although data are scarce, the two results present similar overall
trends, in the distribution of residual stresses due to pipe seam welds.

Ueda et al [51] measured the residual stresses in pipe seam welds for a large penstock model of
780 MPa high strength steel plate, diameter 1400mm, and wall thickness 50 mm. The
maximum residual stress perpendicular to the weld line was found to be almost 590 MPa in
tension on the inner surface, which was considerably larger than that of almost 200 MPa in the
butt welded pipe. This was thought to be due to the fact that the bending restraint in the
longitudinal joint was smaller than that in the pipe buit _|omt The residual stresses along the
weld line were found to be at a maximum tensile stress in the pipe seam welded joint at a
magnitude of almost 400 MPa.

Mitchell {52] made residual stress measurements using the deep-hole method on A533B steel
pipe (with a nominal yield stress of 345 MPa) with a diameter 1180 mm and a wall thickness of
85 mm. Peak hoop stress values of 350 MPa were measured approximately 10-12 mm below
the outer sutface of the weld. Compressive stress values of 250 MPa were measured on its
inner surface, The axial and through-thickness stress distributions were similar, but found to be
sllghtly lower in magnitude. Stresses in the parent plate were found to be low, and mainly
compressive, ranging from about 60 MPa in the hoop direction at the outer surface to near zero
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at the inner surface. In the axial and through-thickness directions, both surface values were
near zero, but compresses stresses of 30 - 50 MPa were measured at mid-wall thickness.

Pipe seam welds are generally thought to be less constrained than pipe butt welds, with the
constraint being dependent on the radius to thickness ratio. However insufficient data are
available for any firm conclusions to be drawn regarding the trends.

4.6 REPAIR WELDS

A total of twenty tests relating to the residual stresses in repair welds have been collated, as
shown in Table 5,

Hepworth [53] reported on residual stresses measured in %Cr¥4Mo'4V weld metal repair welds.
Two of the repair welds were made in material cut from a closed die forging and a further two
were made on sections cut from a casting of nominal 1Cr/AMo'4V composition. The residual
stresses were measured using the hole drilling method. Surface residual stresses were
measured along lines parallel and normal to the welding direction. These are shown in Figures
26 and 27 across the weld for two of the tests (R1 and R2). The stresses have been normalised
against the weld metal yield stress in the as-welded condition of 650 MPa. Although the
figures would seem to indicate that the longitudinal stresses of a magnitude equal to or greater
than the weld metal yield stress, it should be noted that the high stresses derived from the hole
drilling technique are known be an over-estimate of residual stress, which could be as high as
25%. The stresses measured in the tests indicate that the transverse stress is about two thirds of
the longitudinal stress. At the end of the weld the stresses decrease with increasing distance
from the HAZ.

Ueda et al, [57] used thermal elastic-plastic stress analysis to predict residual stresses in a mild
steel plate, 90 mm thick. AH the residual stress components calculated in the weld metal were
tensile, the longitudinal stresses being greater than the transverse stresses, which is similar to
the findings of Hepworth [53].

Leggatt [54] made residual stress measurements at repair welds in pressure vessel steels in the
as-welded condition. The measurements were made in seven panels and, with the exception of
one test, strong-backs (sb) were attached prior to repair welding and remained in place until
completion of the measurements, Surface residual stresses were measured using the centre
hole rosette gauge technique. Internal stresses were measured in one of the panels using a two
stage relaxation technique of block removal and layering - a simplified version of the Rosenthal
and Norton method. The surface residual stresses in the repair welds and adjacent HAZ were
extremely variable, with maximum values similar in magnitude to the repair weld metal yield
stress, and minimum values which in some cases were compressive. Maximum values tended
to occur at the centre of repair beads, or in the repair/parent HAZ. Internal longitudinal stresses
were tensile and approaching yield magnitude throughout the repair weld and decreased rapidly
with distance outside it, becoming compressive at a distance of 15 to 30 mm from the fusion
boundary.

Further work by Leggatt [55,56) was undertaken on a theoretical investigation into the effects
of structural restraint, repair depth and wall thickness on the distribution of transverse residual
stresses at repair welds in heavy section plates [54] and cylindrical structures. He concluded
that longitudinal stresses in repair welds are tensile and near yield magnitude throughout the
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cross section of the repair. Transverse stresses are of near-yield magnitude at the surface, but
decrease with depth from the surface, the rate of decrease depending on the restraint acting at
the repair, as in Figure 27,

Bryan et al {58) presented residual stresses measured in heavy section steel test vessels, 152
mm thick and fabricated from A533, grade B, class 1 steel. The repair welding followed the
ASME XI (ASME boiler and pressure vessel code) half-bead procedure, with no subsequent
heat treatment, Residual stresses were determined from pre-weld and post-weld strain gauge
measurements and from using a hole-drilling technique. Four specimens were tested with full
penetration repair welds, and two were tested with partial penetration welds. In general,
measurements of residual stress levels in the vicinity of the half-bead weld repairs showed that
comparatively low tensile and compressive circumferential and axial residual stresses were
present in the weld metal. However, in the base metal adjacent to the weld repairs and up to
25-50 mm from the heat affected zone (HAZ), peak tensile stresses were close to yield
magnitude, depending upon the depth in the base metal.

Lidbury [21] made reference to these tests and others with relation to a study on repair welding
procedures. It was noted that repair welds made without PWHT may be expected to contain
longitudinal residual stresses which are large and tensile throughout the thickness. Associated
values of transverse stress could also be large and tensile at the surface of the repair, but may
decrease with distance below the surface, depending on the restraint.

47 CLOSURE WELDS

The term closure weld is used to describe a weld which is made from one side only, and is
usually as a result of restricted access to one side of the weld e.g. inside a tubular, They often
occur offshore where man-ways are replaced in a chord member by re-welding a curved section
of plate into the hole. As a result of the application of these closure welds, they are frequently
made under more adverse conditions of tolerance with a significant degree of mismatch with
differing root gaps and are often performed under temporary weather protection in a number of
different welding positions.

An experimental test programme was undertaken by Jones et al. [59] in which forty-four
small-scale and nine full-scale tubular closure welded joints were fatigue tested, It was found
that the stress distribution observed on the tapered side of the welded joint exhibited a rapid
increase in stress along the taper, as well as significant hoop strain being present at both sides
of the joint. The results of this experimental programme were also presented by Andrews and
Jones [61].

Finite element analyses were conducted on pipe butt welds by King and Foroughi [60] which
were used to show that a typical closure weld had high stresses at the root associated with the
stress concentrating effect of the root geometry, and secondary stresses due to the fabrication
and misalignment and changes in thickness from the stud to the brace. It was also concluded
that the greater the difference in wall thickness between the plates the closure weld was used to
join, the greater the magnitude of the residuval stress.

The residual stresses caused by single-sided closure welds in pipe butt joints are generally

compressive at the outer surface and tensile at the bore due to the circumferential force caused
by the solidification and shrinkage of the weld. However, the results contrast those for single-
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sided closure welds in plates. Tensile residual stresses equal to the yield stress occur at the
outer surface since the reaction force does not produce bending stresses which in a cylinder are
of opposite sign to the shrinkage stresses transverse to the weld.

22



5. FACTORS AFFECTING RESIDUAL STRESS DISTRIBUTIONS

5.1 RESIDUAL STRESS DIRECTION RELATIVE TO THE WELD BEAD

For each of the geometries discussed in the preceding sections, the residual stress distributions
have been presented longitudinal (parallel) and transverse (normal) to the weld bead, at the
surface and through the thickness.

The residual stresses measured in plate butt welds are shown in Figure 2. The transverse
stresses in plate butt welds were tensile at the surfaces with the maximum appearing at or a
short distance below the top surface for thicknesses of 200-300 mm., The stress was a
minimum (most compressive) at mid-thickness. There were insufficient data for comparison of
longitudinal through-thickness stresses, but the data from Leggatt [17] shown in Figure 3,
indicates that longitudinal stresses were tensile through the thickness, of greater magnitude
than the transverse stress and equal to the material yield stress at the surfaces. Stresses at the
surface of the butt weld are shown in Figures 4-7. For comparison, the stresses shown in
Figures 4, 5 and 6 are at the top surface, transverse to the weld line. They each show that the
longitudinal stresses are greater and are at a maximum at the weld. The magnitude at the weld
can be up to the yield stress of the material.

In tubular joints, the transverse and longitudinal through-thickness stresses show similar trends
(Figure 17). For transverse through-thickness stresses, the maximum residual stress occurs at
the weld toe and the minimum value, which is generally compressive, at mid-thickness. The
stresses were tensile on the opposite surface to achieve a self-balancing distribution through the
thickness. The surface stresses were predicted by Mok and Pick [28] for the T tubular joint
specimen (Figure 11) which also indicated a maximum stress at the weld toe. The stresses
measured by Machida et al. [32] (Figure 14) at the surface of a T tubular were noted, however,
to apparently exceed the yield stress of the material, which is thought to be either an
overestimation caused by the stress measurement technique. Stresses measured in the chord
weld line were maximum at the saddle,

5.2 THICKNESS

In pipe butt welds, both the axial and hoop stress through-thickness distributions indicated an
effect of thickness. At the outer surface, the hoop stresses (parallel to weld) showed a similar
trend to longitudinal stresses in plate butt welds for thicknesses up to 20 mm.

The effect of thickness was considered for tubular joints (see Figure 13). The transverse
residual stresses measured through the chord thickness at the crown were found to be more
tensile for those joints with thicker chords and it was noted that the effect was greater at the
surface.

Figure 12, which presents the results obtained for three pipe on plate specimens, shows that as
the plate thickness is increased, the stresses at the toe of the weld are apparently not affected
and are of similar magnitude. However, the compressive stresses at the mid-thickness and the
tensile stresses at the opposite surface are found to increase with increasing thickness in order
to maintain the equilibrium through the thickness.
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The literature review suggests that the effect of thickness on the residual stress distribution in
plate butt welds has not been investigated. The results presented in Figure 2 however, indicate
that the stresses are of a greater magnitude in thicker plates (almost yield for thicknesses of 200
mm and over). The effect on longitudinal stresses cannot be substantiated due to the lack of
data.

~ For pipe butt welds, Leggatt [46] observed that axial stresses at the weld were primarily a
function of the pipe wall thickness and noted that they showed a clear trend from tensile
stresses at the inner surface in thin walled pipes (below 16 mm) to compressive stresses in thick
walled pipes (above 25 mm). The data shown in Figure 19 for through-thickness transverse
(axial) stress distribution supports this observation - for thicknesses up to 16 mm the
distributions indicate that the stresses through the weld are compressive at the outer surface and
tensile on the inner surface. For thicknesses greater than 25 mm, compressive stresses were
observed from the results from Ritchie and Leggatt [40] and Bonner and Smith [48].

The through-wall hoop residual stresses are compared in Figure 20. For the large thickness
pipes, the hoop stress can be seen to be compressive at the inner surface, whereas for the pipe
of thickness less than 20 mm, the stresses are noted to be tensile through the thickness of the

pipe.

5.3 BOUNDARY RESTRAINT

The data presented in Tables 1-5 indicate whether or not information relating to the boundary
restraint was available. Restraint is defined as an externally applied fixed displacement at the
geometry boundary. No significant investigation into the effect of boundary restraint on
residual stresses was evident from the literature studied.

The stresses in a multi-pass butt welded joint of 50 mm thickness were derived by Ueda and
Nakacho [14] in order to consider the effect of restraint on the joint by theoretical analysis.
Two extreme restraint conditions were assumed; a condition under which longitudinal
deformation and angular distortion occurred freely (restraint condition A) and one under which
both deformations were restricted (restraint condition B). The stresses measured at the top
surface are shown in Figure 28. The results showed that the effect of the restraint condition on
the top surface was relatively small, This was thought to be due to the fact that as the plate
thickness increased, deformations were restrained internally when the finishing bead was
applied because the previously deposited weld metal recovered rigidity. Ueda and Nakacho
[14] concluded that the distribution of residual stress near the finishing bead may be
characterised by the fact that the maximum tensile stresses appear not on the finishing bead but
several layers below, in this case at approximately 25% of the wall thickness.

5.4 HEAT INPUT

The effect of heat input on residual stress patterns in pipe girth welds was presented by the
UEG Tubular Joints Group in 1989 [49]. The findings stated that for thin-walled tubes in
which the heat input per unit wall thickness was high (>100J/mm?), the axial through-thickness
residual stress was compressive at the external surface but tensile at the internal surface. For
thicker walled tubes and tubes where the heat input per unit wall thickness was low (<70
J/mm?), the external surface had a residual stress between 60% and 100% of the compressive
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vield strength. The tensile stress at the internal surface wasg less than approximately 50% of the
yield strength and in some cases it was compressive.

No comparative investigation was found for T-butt welds, but BS PD6493:1991 [1] provides an
idealised distribution of the transverse residual stresses at the toe of a fillet or T-butt weld as a
function of the heat input (Figure 32).

Karthick and Radhakeishnan [12] found in their anaiysis of residual stresses in butt welded
mild steel plates that as the heat input increased, the extent of the tensile stress across the plate
from the fusion line increased but its magnitude decreased.

5.5 POST-WELD HEAT TREATMENT

Lidbury {21] and Leggatt [16] reviewed the effect of PWHT on residual stresses in heavy
section weldments for plate butt welded specimens. The results obtained by Porter Goff et al.

[31,35] on the effect of PWHT on pipe on plate welded specimens are shown in Figures 29 and
30.

The work by Leggatt [16] was carried out on submerged-arc welds in 50 mm thick C-Mn-Al-
Nb steel test panels subjected to a range of seven different PWHT conditions. Leggatt [16]
looked at the effect of restraint on the residual stresses in T-butt welds and found that the
maximum residual stresses in the welds always lay in the longitudinal direction parallel to the
weld. The transverse stresses were in general much lower and were found to be relatively
insensitive to heat treatment conditions. The maximum measured residual stresses in the test
panels were up to 50 MPa greater than the upper bound of the stress relaxation data for
corresponding PWHT temperatures and hold times. The higher stress level in the test panels
was attributed to stress recovery during cooling after PWHT. It was also’ found that the
predicted maximum residual stress after heat treatment (in accordance with BS5500:1976)
represented 30% of the typical room temperature yield stress of the weld metal in the as-
welded condition, or 36% of the minimum weld metal yield stress after PWHT.

Zhou et al. [10] studied plate butt welds in A737 steel with a vield stress of 511 MPa. The
stress relief applied was a two hour treatment at 550°C. The PWHT was found to reduce the
residual stresses to relatively low tensile values, generally in the range 35-70 MPa. The results
were used to demonstrate that the stress relief operation was effective and that even high tensile
or compressive stresses could be reduced to modest levels in steel through standard stress relief
treatments.

The investigation by Fidler [15] into the residual stresses in plate butt welds in CrMoV steel
(yield stress 310 MPa) found that the maximum residual stresses measured in the weld metal in
the as-welded condition were high (in excess of 300 MPa for the weave weld and 500 MPa for
the stringer and horizontal/vertical welds). However, the standard stress relief procedure of one
hour per 25mm thickness was sufficient to reduce residual stresses to less than 50 MPa for both
the weave and stringer welds and less than 103 MPa for the horizontal/vertical weld.

The results from Porter Goff et al. [31,35] are shown in Figures 29 and 30 for three pipe on
plate specimens, of BS 4360 Grade 50 steel. The PWHT cycles for specimens P1 (vield stress
420 MPa) and P3 (yield stress 360 MPa) satisfied the requirements of BS 5500 under the
concession clause for hold temperatures in the range 550 to 580°C. However, specimen P2
(vield = 375 MPa) failed to meet the requirements. The results for specimen P2 showed
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stresses at the weld toe in excess of 30% of the room temperature yield stress. This result
indicates that the BS 5500 concession clause should be used with care. Further tests were
carried out by Porter Goff et al. [35] with a series of tests on welded plates in Grade 50D steel
with two different filler materials, and PWHT in the range 450 to 550°C. These results
confirmed Leggatt’s finding that residual stresses vary considerably with the filler wire used.
The PWHT concession equivalent time formula was broadly supported by the results of a
simplified creep model.

Morgan and Gardner [36] studied residual stresses in T-plate butt welds in steel with a yield
stress of 376 MPa. It was found that in the longitudinal direction, residual welding stresses
were generally tensile in as-welded specimens with values at the weld toe being of yield stress
magnitude. However, after stress relieving at 600°C for four hours, the residual stresses were
reduced to below 55 MPa even near the weld toe.

5.6 STRESS REDISTRIBUTION EFFECTS
5.6.1 General Principles

A number of reports refer to redistribution of residual stress, particularly with respect to crack
growth. The superposition theorem can be used to define the effect on stress intensity factor
which may be expected.

Figure 31a shows a plate of elastic material with an applied tensile stress, but no crack.
Therefore the stress intensity factor is zero. Introducing a crack as in Figure 31b introduces the
Mode I stress intensity factor K. If the same stress o is applied to the crack face as well to the
remote boundary, as shown in Figure 31¢, the stress field in the plate will be the same as that
for the uncracked plate for which the Mode I stress intensity factor is zero. Since the
superposition theorem applies to the total stress intensity factor from combined loading, then
the stress intensity factor for the crack with the remote stress & applied alone must be equal and
opposite to the stress intensity factor for the crack with the crack face stress o applied alone.
Thus the superposition theorem leads to a very convenient method for calculating stress
intensity factor as follows. The stress intensity factor of a crack with a remote load distribution
can be calculated by applying a stress distribution to the crack faces, equal to the stress
distribution at the position of the crack but without the crack present. This is shown in Figure
31d.

The theorem is general and applies to both non-uniform, self-balancing, stress distributions and
displacement-controlled conditions which are characteristic of residual stress distributions.
Although residual stresses will redistribute as the crack increases in length, the theorem
demonstrates that there is no redistribution effect on the value of stress intensity factor, since
its vailue for all crack lengths can be determined from a single, uncracked plate, residual stress
distribution. Mixed mode loading involving Mode II and Mode III stress intensity factors can
also be considered in the same way.

5.6.2 Fatigue Crack Growth

Fatigue crack growth is dependent on stress intensity factor in two ways. Primarily, the applied
range of stress intensity factor AK influences the crack growth rate through the Paris law.
Since residual stress is not cyclic it does not contribute to AK. However, crack closure effects
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are important since a fatigue crack will only grow due to that part of the cycle which produces

crack tip tensile stresses. Thus the R ratio, expressed as Kyin/Kuamo influences crack growth
rate.

Two reports are identified in the literature [62, 63] which partly attribute experimentally
observed crack growth rates to redistribution of residual stress with crack growth. An effect of
residual stress redistribution on stress intensity faetor is implied by Shi et al. [62] and
specifically stated by Lam and Lian [63]. These observed effects are considered here to be due
either to crack closure effects or to an incorrect technique for calculating the stress intensity
factor due to residual stress [62]. These conclusions are therefore considered to be spurious.
Two reports in the literature, Todoroki and Kabayashi [64] and EPRI [65], consider residual
stress redistribution with crack growth. These reports both concluded that the effect of
redistribution is fully accounted for by the superposition theorem.

5.6.3 Plasticity

As described in Section 2.1, fracture assessment procedures such as that incorporated into BS
PD 6493:1991 require the calculation of two parameters: Kr and Lr (or Sr). Stresses are
categorised as primary or secondary, depending on whether they are reacted externally to the
structure (e.g. pressure, dead-weight) or internally through the surrounding material (e.g.
thermal stress, residual stress). Primary stresses contribute to both the Kr and Lr (or Sr)
parameters. Secondary stresses contribute to the Kr parameter only,

Experimental work by Sharples et al [8] has considered the role of residual stress in the context
of the Lr parameter. Where primary stress is large, it was demonstrated that plastic flow can
largely eliminate a self-balancing residual stress distribution, in effect by mechanical stress
relief. Under such circumstances it is not necessary to include residual stress in the calculation
of the Kr parameter. Sharples has suggested an Lr cut-off value of approximately 1.0, beyond
which residual stress need not be considered. Further work may identify a progressive
reduction in the residual stress contribution for Lr values up to 1.0.

To some extent this effect is recognised in the fracture procedure of BS PD 6493:1991 where

the p factor, which accounts for the influence of plasticity on secondary stress, reduces to zero
as the Lr value approaches 1.05.
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6. CHARACTERISATION OF RESIDUAL STRESS PROFILES
AND COMPARISON WITH CURRENTLY RECOMMENDED
PROFILES

6.1 INTRODUCTION

The data obtained from this survey has been compared with the stress profiles recommended in
BS PD 6493:1991 [1] and the Nuclear Electric (NE) compendium of as-welded residual stress
profiles [66]. The comparison has enabled revised guidance to be formulated on best upper
bound profiles.

6.2 PLATE BUTT WELDS
6.2.1 Transverse

The distribution of residual stresses transverse to the weld of a plate butt weld is dependent
upon the restraint at the joint. BS PD 6493 provides an illustration of residual stress
distributions subject to membrane and bending restraint (Figure 32). The trends illustrated in
Figure 32 are partly reflected by the data obtained in this survey. A self balancing distribution
(Figure 32c) is shown by Stout [22] in Figure 2. This shows a balanced distribution between
compression and tensile with maximum stresses approaching yield strength at the surface. The
effects of restraint are shown in Figures 32d and 32¢ and through the results obtained by Ueda
et al. [51] (Figure 28). The results this investigation show that the residual stresses at the root
of the weld become compressive when the plate is restrained from bending. An upper bound

profile for transverse fractional residual stress (o = 0“"/0 v ), for the case of minimum
restraint, is provided in the NE compendium {66] of the form:
o, = 10-0917(z/t)-14533(z/¢)" +83115(z/¢)’

~21545(z/t)' +244.16(z/1) —9636(z/1)° ®)
Data obtained from Leggatt [17] infer that the idealised profile is not conservative in the mid-
thickness region (Figure 33a). However the data of Leggatt are inconsistent with that found

previously and therefore no corrections to the Nuclear Electric profiles are suggested.

There are insufficient available data to draw any firm conclusions on the effect of restraint on
the residual stress distribution. '

6.2.2 Longitudinal

A typical distribution of stresses parallel to the weld at a butt weld is also illustrated in PD
6493 (Figure 32). For longitudinal stresses an upper bound profile of the form:

o, =082 +2.892(z/1) - 11316(z/t) +10545(z/1)’ ~1846(z/t)’ (9

is given in the NE compendium [66] for ferritic steels. Figure 33b compares this profile with
the additional data of Leggatt [17]. Due to the inconsistency of these data with that found
previously no modification of the above profile is suggested.
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6.3 T-BUTT WELDS

6.3.1 Transverse

The BS PD 6493 recommended profile for transverse residual stresses is:

if 227, c,:cy(l—%)

ifz>z,, o, =0(10)
where z, = Q(EJ .
g, \v
y
(ﬂ) is defined in J/mm, g, in MPa, z and z, are in mm and z is the distance below
Y

the weld toe. This profile is also recommended for residual stresses in the transverse direction
in T-butt weldments in the NE compendium,

Figures 34a-c compare the PD 6493 distribution with those measured in tubuiar joints. For
each of the figures, it can be seen that the idealised distribution is conservative at the mid-
thickness. However, where self balancing residual stress distributions are evident, the
recommendations of PD 6493 do not give tensile stresses at the surface opposite to the weld
toe.

Stacey [27] noted that the data available were limited to joints of low plate thickness and low to
medium rates of heat input, i.e. the BS PD 6493 approach could be less conservative for thicker
joints and higher input rates. Figure 34a shows the distributions for three tubular-T node
specimens, which were prepared with a heat input of 600 J/mm. It shows that for greater chord
thickness (i.e. specimen T3, see Figure 13) the idealised stress distribution becomes less
conservative. Figure 34c shows the distribution for three pipe on plate specimens (see also
Figure 12) which vary in thickness and also in heat input. The distribution reduces in
conservatism again as thickness increases.

Although this report is primarily concerned with through-thickness residual stress profiles, for
completeness some information has been included for surface profiles. Figure 35 shows
comparisons of surface residual stress profiles as calculated by Mok and Pick [28] with those of
the NE compendium.

Figure 36 shows the transverse data for each of the T-butt geometries and Figure 37 compares
the derived upper bound profiles. In this case the profile derived from all the data is an upper
bound to everything apart from surface stresses for T-plate geometries. As an alternative to the
PD 6493 equation (Equation 10), a profile defined by the following expression has been
derived for T-butt welded joints: '

o, =097 +2327(z/1) - 24125(z/1)’ + 42485(z/1)’ -21087(z/s)' (1)

This profile is plotted in corriparison with data obtained from a plate T-butt weld and a pipe-on-
plate weld in Figure 38.
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A new equation was also derived for the transverse residual stresses present in tubular T and Y
joints, and this profile is shown with data from tubular T and Y joints in Figure 40,

o, =096 -248(z/t) - 7.942(z/1)" +21.687(z/t) ~12.101(z/¢)  (11b)

6.3.2 Longitudinal

The NE compendium recommends a stress profile for longitudinal through-thickness residual
stresses in T-butt welded plates in the form:

o, = 0.75+4.766(z/t) - 26.696(z/1)" +3811(z/¢)’ - 1682(z/1)'  (12)

Figure 40 compares the recommended profile for through-thickness longitudinal residual
stresses with the measured data of Holden et. al. {44]). For completeness, Figure 41 shows
comparisons of surface residual stress profiles as calculated by Mok and Pick [28] with those
recommended in the NE compendium in the longitudinal direction.

The profile defined by Equation 12 was compared with the data obtained for other T-butt
geometries and it was shown that for tubular T-butt geometries, the recommended profile for
plate T-butt welds given in the NE compendium was not conservative. A new upper bound
polynomial fit to data specific to tubular node weld geometries was therefore derived.

Figure 42 shows the normalised longitudinal stress data for each of the tubular T-butt
geometries. For each of these sets, an upper bound curve was obtained based on confidence
limits, Figure 43 shows these curves and it can be seen that the pipe on plate profile provides
an upper bound to all the tubular T-butt data. The upper bound to the pipe on plate data is thus -
recommended for use as a conservative residual stress profile for all tubular T-butt ferritic
weldments. This is represented by the equation:

o ,(z/t) = 0977 - 1234(z/t) - 7.601(z/t)’ +16.075(z/t)’ -8226(z/t)"  (13)

This profile has been plotted in comparison with the measured data in Figures 44 to 46 and is
shown to be generally conservative,

For T-butt welds in plates the existing profile in the NE compendium (Equation 12) specific to
T-plate geometries is still recommended.

6.4 PIPE BUTT WELDS
6.4.1 Transverse

For ferritic pipe butt weld transverse residual stresses, the NE compendium recommend_s a
fourth order polynomial of the form:

O/ = s ouer|10-329(2/1) ~2609(z/)’ +T316(z/s)’ —4572(z/1)')
where

O ) e = 03515 0.00878(R/t) +0.00419(R/¢)" - 7.129x10°(R/t)’  (14)
where R is the mean radius and t is the wall thickness
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The recommended transverse profiles from the NE compendium have been compared with data
obtained from work by Scaramangas and Goff [47] and Bonner and Smith [48] in Figure 47.
For values of R/t = 24.1 and 30, the NE compendium predicts the residual stress profile quite
well, but for a higher value of R/t (49.6) the NE compendium does not predict the measured
profile very well. It should be noted that this value of R/t is actually outside the range of the
NE compendium recommendations, At these very high values of R/t (t=9.1mm) it is suggested
that a 1/2 cosine profile be adopted. This is in broad agreement with Scaramangas and Goff
who suggest that both heat input and the value of displacement-controlled play a significant
role in determining the residual stress profile of a plate butt weld. Scaramangas suggested that
the heat input is the more influential factor (Figure 48). A programme of expetimental and
analytical work showed that for high input, a 1/2 cosine wave profile of transverse residual
stress is observed in pipe butt welds. The 1/2 cosine wave tends towards a more linear
(through-wall bending) distribution for higher values of R/t. At lower values of heat input, a
single or multiple 'S' profile is observed which is attributed to the fact that the effect of the last
weld pass does not completely swamp out the effects of previous weld passes. On the basis of
these experimental results and a literature survey, Stacey [27] recommends that the 1/2 cosine
profile for transverse residual stresses in ferritic pipe butt welds should be adopted. This
recommended distribution is represented by the form

Ores.[X] = Ogc0s.(nx/T) (15)

where x is measured from the weld root. o, attains a value of oy for high heat inputs
(>60%/mm2) and does not exceed 0.5 oy for lower values (<60J/mm?2).

To summarise, it is recommended that:
a) for R/t <40 the NE compendium should be used
b) for R/t >40 and heat input <60J/mm?2 a % cosine profile should be used with 6,=1/26,

c) for R/t >40 and heat input >60)/mm2 a % cosine profile should be used with Cp=0y,

This review was aimed at residual stress profiles for defect assessment in offshore structures.
Consequently, the literature review only involved references pertaining to ferritic weldments.
However, for the sake of completeness, the profiles for austenitic pipe butt welds are given
below [66].

If 225mm, & , = o ,_,,,,,m(o.z"f - 091(z/t) - 4.93(z/1)" +8.60(z/1)’ ~2.03(z/1)')

and G, ,,,, is determined from

For RA<8.5, o, ,,, =O0118(R/f)
For Rt >8.5, &, 4, =10

£ <25mm, & ; = (6 10 /G, N1+ (/O sore /O s 1)) (16)

where ©,,,, =6, ;,.0,

For R/t<10, el o]

atfer — 'y
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For Rit > 10, G, =5 ,(1-007[(R/1)-10])

6.4.2 Longitudinal

For longitudinal through-thickness stresses, a linear profile defined by a stress equal to yield, ¢
y at the outer surface and o at the bore is given in the NE compendium as:

) s_bore /G y = 1+ (Z/f)((f .s‘__hrm.’/c ¥y 1) . (17)
where, o, ,,,/0,=1 1<15mm
and G, /0, =1-0014(t—15) £ 15mm

and z is measured from the outer surface in mm. No additional data have been found for this
case.

6.5 PIPE SEAM WELDS
6.5.1 Transverse

No further data have been obtained for pipe seam welds, therefore the recommended profiles
are as suggested by the NE compendium, That is, for fransverse residual stresses, the
recommended through-thickness stress profile is the same as that for plate butt welds

o, = 10~0917(z/t)-14533(z/t)’ +83.115(z/1)’ (18)
~21545(z/t)" +24416(2/t)’ - 9636(z/¢)’
6.5.2 Longitudinal

For the longitudinal residual stresses, Devonshire [68] recommends that a through-wall tensile
residual stress field be assumed i.e.

G, =0, (19)

The recommended profiles for pipe seam welds are illustrated in Figure 49.

6.6 REPAIR WELDS

For repair welds insufficient new experimental data was obtained and therefore the profiles
given in the NE compendium are recommended (Figure 50).

6.6.1 Transverse

For transverse residual stresses, the stress profile is defined by the fourth order polynomial
o ,(z/1) = 0.75-2.265(z/r) — 3557(z/2)’ +9.989(z/t)’ — 4.634(z/r)’ (20)
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6.6.2 Longitudinal

The longitudinal profile is defined by
o ,(2/r) = 0.75- 4.766(z/r) - 26.696(2/1)" +3811(z/t)’ —1682(2/1)’;(2/t) < 0.65

For (z/t) > 0.65,6 , = 0. 1)
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7. CONCLUSIONS AND RECOMMENDATIONS

The information reviewed in this report shows that residual stress distributions in welded joints
can be categorised by the weld geometry. The nature of the residual stress distribution depends on
the geometrical constraint or the restraint imposed during welding. Where structures are self-
constraining, such as girth welds in pipes, the through-thickness residual stress distributions can
be well defined. The residual stress then depends on the inherent stiffness of the structure which in
the case of the pipe girth weld is the radius to thickness ratio. Where the structure is not self-
restraining and the applied restraint is unknown, such as flat plate butt welds, the measured residual
stress distributions can be variable.

The information from the literature review has been used to derive upper bound stress profiles
[67] which provide users with a better estimate than the over-conservative assumption that they

are equal to the yield stress throughout the section. The following conclusions have been
derived:

¢ A shortage of data available from tests on T-butt welds has been identified. It is
therefore recommended that future work should be carried out to establish the
effects of thickness and/or heat input which are evident in plate and pipe butt welds.
Similar considerations may be given to closure welds,

¢ The available data for structural steels relevant to BS 7191 [3] and BS 4360 [4] are
also limited. It is recommended that future test programs use offshore
representative grades of steel so that any differences with other ferritic steels can be
quantified, particularly with those of pressure vessel steels which have formed the
bulk of available data.

However, in order to reduce the conservatism of using upper bound profiles which allow for the
influence of other factors on the residual stress distribution, it is recommended that further
work should be carried out to establish the effects of the following;
s restraint on flat plate geometries.
¢ heat input on all geometries. This has been established to some extent by
Scaramangas and Goff [47] for though wall transverse stresses in pipe butt

geometries. There is a lack of data for heat inputs of more than 2kJ/mm.

» weld preparation, particularly for pipe and plate butt geometries.
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Transverse Residual Stress/Yield Stress

Transverse Residual Stress/Yield Siress
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0.6 -
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——— Leggat (17) Qul.6-1.8kNmm |
- --—mumq-z.mm/ ’
— - —Siout2D)

Distance from top surface/Thickness

Flguro 2 Comparison of through thickness transverse residual
stresses In plate butt welds (19)
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Figure 3 Through thickness longitudinal stresses in plate butt
weld {(17)
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Figure 4 Predicted as-welded stresses for heavy plate butt

welds (11)
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Residual Stress/Yield Stress

Residual Stress/Yield Stress
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Figure § Surface residual stresses measured transverse
and parallel to weld bead for A543 pressure vessel steel

plate butt welded (10)



Residual Stress (MPa)

Distance from weld centre-line/Thickness

Figure ¢ Top surface residual stresses In a multi-pass butt
welded plate (SS41, 50mm thick) (14)
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Figure 7 Bottom surface residual stresses in a muiti-pass butt
welded plate (§S41, 50mm thick) (14)
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Transverse Residval Stress/Yield Stress

Longitudinal Residual Stress/Yield Stress

Woelded Plate T-Joint

Holden et al (25)
_______ Mok & Pick (28) FE
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Figure 9 Through thickness residual stresses in T-Butt
joint (25 & 28)



Woelded Plate T-Joint

1+ Top Surface
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Figure 10 Transverse surface stresses (derived from FE)

In T-butt joint (28)
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Figure 11 Longltudinal surface stresses (derived from FE)
In T-butt joint (28)
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Transverse Residual Stress/Yield Stress
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Specimen Pipe Yield Stress Weld
diameter x thickness | (MPa)
Passes | Heat input
P1 1200 x 22 mm 420 7 11.41 KJ/mm
P2 1230 x 40 mm 375 16 [1.80 Kl/mm
P3 1230 x 50 mm 360 24 {198 KJ/mm

Geometry of Pipe on Plate Specimens

Figure12 Through thickness residual stresses in Pipe on Plate
specimens (31)
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Transverse Residual Stress/Yield Stress
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Diameter x thickness [Diameter x thickness MPa
Ti 915 x 22 mm 610 x 16 mm 488
T2 915 x22 mm 455 x 11 mm 491
T3 915 x 36 mm 610 x 14 mm 365

Figure 13 ‘Through thickness residual stresses in T Tubular

Geometry of T Tubular Joints

joints (30)
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Figure 14 Surface residual stresses measured at chord
of a T tubular joint (32)
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Figure 15 Through thickness transverse residual stresses
in Y tubular joints (35)
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Figure 16 Through thickness longitudinal residual stresses

in Y tubular joints (35)
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Figure 17 Comparison of through thickness residual stresses in
Tubular butt welds (27 & 29)
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Figure 18 Comparison of through thickness axial residual

stress distributions in pipe butt welds
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Figure 19 Comparison of through thickness axial residual
stress distributions In pipe butt welds
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Figure 20 Comparison of through thickness hoop residual
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Figure 21 Comparlson of surface residual stresses in

pipe butt welds (41 & 42)
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Figure 22 Surface residual Stress in a pipe
butt weld (43)
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Figure 23 Surface residual stresses in a pipe
butt weid (14)
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Figure 24a Through thickness resldual stresses In longitudinal
seam welds (14)
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Figure 24b Comparison of through thickness residual stresses
' in longitudinal {seam) welds (52)

68



Residual Stress/Yield Stress

Residual Stress/Yield Stress

=1

Inner Axiat

Distance from centre of longitudinal joint/Thickness

=1

Distance from centre line/Thickness |

Figure 25 Comparison of surface resldual stresses in

longitudinal (seam) welds (51)
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Figure 26 Surface Residual Stresses Measured Parallel to the
Woelding Direction along the central weld bead (53)
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Figure 27 Surface Residual Stresses Measured Normal to tho

Woelding Direction (53)
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Figure 28 Residual stresses in multl-pass butt welded plate (14)

(SM50, 50mm thick)

71



Transverse Residual Stress/Yield Stress

Transverse Residual Stress/Yield Stress

1.5

Depth below weld toe/Thickness

Depth below weld toe/Thickness

Specimen | Yield Heating Cooling [ Max Comment
(MPa) | rate max tate max | Temp
°C/ar °C/hr °C
P1 420 60 58 579 226 mins above
_ _ 550°C
P2 375 138 113 550 112 mins above-
' 545°C
P3 360 150 97 583 184 mins above
550°C

Figure 29a The effect of PWHT on residual stress in pipe
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on plate jolnts (35)
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Figure 29b The effect of PWHT on residual stress in
: pipe on plate joints (35)
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Figure 29¢ The effect of PWHT on residual stress in
pipe on plate joints (35)
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Figure 30a Surface residual stresses in pipe on plate
specimens (35)
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Figure 30b Surface residual stresses in pipe on plate

specimens (35)
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Figure 32. Comparison of Nuclear Electric Compendium
with plate butt weld residual stress data
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Figure 33 Comparison of Nuclear Electric Compendium with
plate butt weld residual stress data

79



s e = Crown T1

= = = = Crown T3
e Saddle T1
— ¢ = == Saddle T2
wmmmwBS PD6493 - T & T2
= = w BSPD64%93 -T3

-

Transverse Résidual Strass/Yield Stress

Depth below weld toe/Thickness

Figure 34a: Comparison of BS PD6493 idealised distribution of
transverse residual stresses at toe of weld with measured
distributions for tubular nodal welds
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Figure 34b Comparison of BS PD 6493 idealized distribution of
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Figure 35: Comparison of Nuclear Electric compendium

with FE results obtained by Mok & Pick [28]
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REVIEW OF METHODS FOR EVALUATING
RESIDUAL STRESS LEVELS AND DISTRIBUTIONS

1 INTRODUCTION

The purpose of this report is to review all available techniques for residual stress measurement, destructive,
semi-destructive, nondestructive and numerical and assess the potential for offshore use. The techniques
will first be described in detail, then their definition and performance summarised in Tables 1 to 3. The
final section will discuss the suitability of the techniques for offshore application, summarised in Table 4.
The material is based firstly on experience and expertise developed during the CEC BRITE programme
P2082 'Development of Non-invasive Methods for Measurement of Stress in Welded Steel Structures’ with
industrial sponsorship from the Harwell Offshore Inspection Service, and which was therefore mainly
directed at the offshore industry. One of the sponsors was HSE (taking over from the Department of
Energy). Secondly, the technical literature has been briefly re-appraised, a sample of which appears in the
Bibliography section.

2 DESTRUCTIVE AND SEMI-DESTRUCTIVE METHODS

Mechanical methods, (destructive and semi-destructive) all involve the removal of material, thereby
relieving residual stresses, and monitoring the resulting displacements in the component. The methods of
removal include saw cutting, slicing, hole drilling or trepanning and the methods of measurement precision
callipers, optical methods or resistive strain gauges. The attachment of strain gauges requires preparation
of a smooth surface.

2.1 Successive Layer Removal Methods

The sectioning method consists of cutting up the structure while measuring the relaxed strains on suitable
free surfaces. First the part is removed from the component or structure and then successive thin layers of
material are removed while monitoring strain relief with resistance gauges. The first stage results in relief
of 'reaction’ stresses and the second 'layer' stresses. Sometimes only the reaction stresses are required
which can be determined rapidly. Conversely successive removal of surface layers is tedious and time
consuming and evaluation of the initial internal stress state is complex, strain relief depending upon the size
and shape of the removed part. Also influences from plasticity and strong residual stress gradients can
cause uncertainties in the results. However destructive methods are universally applicable to materials and
structures.

Theoretical relationships between the initial residual stress state and measured strain relief are established
only for simple geometry's such as bars, rings, plates, tubes and rods. For tube geometry's the mechanical
processes of 'turning off, 'boring out' and 'slitting-up’ are applicable. These involve respectively, reducing
the length, increasing the inner or reducing the outer diameter, cutting the tube open along its length.

For a thin walled tube circumferential and axial stresses can be evaluated separately if rotational symmetry
is assumed. For circumferential stress evaluation sections of pipe are pickled to different depths before
slitting each pipe. The subsequent change in diameter (deflection measurement) is measured in each case
at least a distance from the ends of one diameter. The circumferential stress through the thickness can then
be evaluated using appropriate stress deflection formulae. For axial stress evaluation a thin tongue of
material of width less than one tenth of the diameter and length three diameters is removed. The surface is
removed in successive layers and the deflection measured. The axial stress can then be evaluated in a
manner similar to the curvature method. For both stress components a correction is required to account for
partially remaining reaction stresses.



For rods and thick walled tubes the Sach's method has been developed for triaxial stress evaluation. This
method requires measurements to be made at least one diameter away from the ends and assumes rotational
symmetry of stress. For a rod an inner concentric hole is bored. For a thick tube outer or inner layers are
removed. The changes in length and diameter are accurately measured due to stress relaxation. When the
specimen has been reduced to a thin shell the remaining stresses can be determined using the procedure
described above for thin pipes. Detailed formulae are established enabling the initial triaxial residual stress
distribution to be evaluated.

All these methods require material removal without introducing additional strains from the machining.
Also the techniques are very time consuming and require great expertise. Consequently the semi-
destructive methods, such as the centre hole method are generally preferred.

2.2 Curvature Method

If a stress distribution exists in a thin strip, then removal of thin layers by progressive mechanical polishing
will result the bending of the strip. By measuring the curvature as a function of surface removal it is
possible to evaluate the internal stress levels before polishing. For a strip with an initial thickness, h, and
curvature, F, the stress level is given from:

o(2)= 6[112 "‘Z ) hF(z)+i[F(z').dz’J 1)

Z

where E is Young's modulus for the material. This evaluation makes the following assumptions: The
initial strip is flat, the stress is uniaxial, the curvature is approximated as circular and no stresses are
introduced by the mechanical polishing.

2.3 Through Hole and Centre Hole Methods

The drilling of a small hole into a stressed body results in local relief because at the sides of the hole the
principal stress perpendicular to the surface and shear stress components must reduce to zero. This is the
principle of the hole drilling method. In most applications, the drilled hole is blind with a depth equal to its
diameter. However the through hole method is simple enough to enable an analytical solution for the stress
relief to be evaluated.

For an initial uniaxial stress, oy, in a plate, the drilling of a hole of radius, Ry, through the plate results in
relieved radial and tangential strains, £, and &g, evaluated as: '

¢, =0 ,(4+Bcos20)

2
€g =0‘x(—A+Ccos20t) 2

where the radius, R, is greater than Ry and the coefficients A, B and C are given by:

A=_l.f_‘3.(%),- p=..1tv [L)LZ_% c=_Ltv [4°)J_+i4 3]
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where 1=R/Rg. Therefore the relieved strains vary in a complex way as a function of distance from the
hole. As the strains generally decrease with distance it is desirable to measure them as close to the edge of
the hole as possible. However, in the proximity of the hole parasitic effects can be significant. Therefore
strain gauges are optimally positioned in the range 0.3<r<0.45 where R is the radius to the longitudinal
centre of the gauge. On the principal axis, the radial strain is much greater than the tangential strain.
Therefore strain gauges are oriented with their longitudinal axis in the radial direction. Equations [2] and
[3] indicate the relieved radial strain is always of opposite sign to the initial residual stress.



In cases of biaxial residual stress states the principle of superposition can be applied. This is valid for
linear elastic material behaviour. The relieved radial strain is then evaluated as:

g, =A(cx+c},)+B(cx—cy)cos2a [4]

There are three independent quantities o, oy and o, requiring three angular measurements of g, and
therefore three strain gauges positioned around the hole. For gauges positioned at angles o, o+45° and o
+90° where o is the angle of the nearest principal stress to gauge 1, strain measurements £1, &7 and €5 can
be inverted to yield:

_& +e; 1

G ey = aAd E (33"‘51)24'(83 +8]—282)2

_a,+a3+ 1

o min ?
44 4B

(€5 -¢,)" +(e; +¢, - 2¢,) [5]

£y —285 +8
tan2o =1 _""2°%3
€1—¢€3

The strain gauges have a finite area which results in integrated averages or the radial strain over the length
of the gauge. Also the finite width of the gauge introduces some sensitivity to the tangential strain. These
problems are dealt with either by integration of equations [2] and [3] or, more accurately, by experimental
calibration to evaluate modified coefficient values.

Centre or blind hole drilling is more usually used because components are rarely thin or flat. The drilling
of a blind hole into a plane stress field produces a very complex stress state which cannot be evaluated
analytically. However the general nature of the stress distribution is similar to an extent that the same

equations [5] are used with modified coefficients, A, B and C. These coefficients must be obtained by
finite element methods or experimental calibration. They include a functional dependence upon the
dimensionless hole depth, defined as the ratio of the hole depth to the diameter of the circle joining the
longitudinal centre-lines of the strain gauges. Normally the hole is drilled with this ration at 0.4 as an
optimum for maximum strain relief and minimum damage.

The coefficients can be measured experimentally by using a prescribed uniaxial calibration. The results are
then valid for materials with the same elastic properties using the same strain gauge rosette geometry and
the same hole size. Also it is assumed that the stress is uniform with depth and biaxial.

Drilling of the hole must be carried out with great precision. Accuracy's of +0.025 mm are normally
achieved. Specially dressed end mills, high speed (400,000 rpm) air turbine and carbide cutters and
abrasive jet machining methods have been used, the important consideration being not to introduce any
local yielding (thus modifying the local stress state) or eccentricity. Also the diameter of the hole must be
accurately known.

The accuracy of the technique is dictated by procedural considerations, the nature and magnitude of the
residual stresses, the elastic-plastic characteristics of the test material and the precision to which the elastic
constants are known. The most important procedural aspects are the avoidance of spurious strains and the
accuracy to which the hole is drilled and measured. For stress levels below 50% of the yield stress, the
overall accuracy is typically < 8% of the maximum numerical stress in an equi-biaxial field, reducing to
about 6% in pure shear and 4% in a uniaxial field. At higher stress levels the errors tend to increase
because the hole acts as a stress raiser, accelerating the onset of plasticity at its periphery.

Finite element analysis based on an idealised elastic-plastic behaviour predicts that at full yield the stresses
will be overestimated by 12% in an equi-biaxial field and by 9% in a uniaxial field. Direct measurements
indicate they are smaller, i.e. +8% to +10%. At 70% of the yield stress the additional error is less than
+3%.



24 Incremental Drilling Method

The blind hole drilling method has been developed by drilling the hole in incremental stages, in order to
predict changes of stress with depth below the surface of a component. The modified centre hole

coefficients A and B are generalised to dimensionless coefficients & and b

2FA

(1+v)

The coefficients @ and b are independent and only weakly dependent upon the elastic constants
respectively. For stresses which vary through the thickness the depth dependent coefficients can be
~ evaluated by using a least squares fit between the normalised linear strain equations and the hole depth, A
parabolic interpolation method can be used to interpolate the data. An alternative method, the integral
method of analysis, uses incremental drilling strain gauge data to generate an equation for each depth sub
layer. The equation unknowns represent an equivalent uniform stress acting over each sub layer. Data for
dimensionless hole depths (defined above) greater than 0.4 to 0.5 show susceptibility to error and represent
the limit of depth penetration for subsurface stress evaluation,

, and b = -2EB , - [6]

a=-—

2.5 Deep Hole Method

The deep hole method attempts to measure stresses in the bulk of a component., It is one of the most
comprehensive semi-destructive methods for bulk stress measurement. Some earlier work involved drilling
relatively large diameter holes and mounting strain gauges on the side and bottom surfaces, Then the over-
coring method is used to relax the stresses and finite element analysis applied to evaluate the initial stress
state within the structure. However these techniques average over relatively large volumes and are not
applicable to regions containing large stress gradients such as near a weld.

More recently a method has been developed using a 3.2 mm diameter deep hole to evaluate the three
principal stress components averaged over a 10 mm diameter cylinder every 6 mm of cylinder length
through the structure. The hole is over-cored and the subsequent diametral and axial shape changes to the
hole measured along the length of the bore. The third principal stress is assumed to be parallel to the hole.
Therefore three diametal and one axial measurement is required to evaluate the three principal stress levels
and directions. Stress analysis is carried out with the aid of finite element analysis, The over coring must
be carried out using a stress free machining process and diametral measurements of the central hole
measured with a precision of 0.05 um resulting in an accuracy of 2 to 5 MPa.

2.6  Holographic Interferometry with Blind Hole Drilling

Although blind hole drilling with rosette strain gauging is an effective method it requires very accurate
positioning of the hole to avoid significant errors. Also the relieved strains decline rapidly with distance
from the edge of the hole resulting in loss of sensitivity at the gauge position together with complex
averaging effects. Finally the rosette occupies approximately 650 mm2 of surface area at a given
measurement location making it impractical in certain regions or on small parts,

Moiré interferometry has been used to measure the in-plane strain relief around a drilled hole, but
application of the moiré grating is also time consuming and suffers from some of the same limitations as
strain gauges. Holographic interferometry is an alternative method, which can be used to measure out-of-
plane strain relief in addition to in-plane relief. The out-of-plane strain relief formula have a similar form
to the in-plane components (equation[5]). Methods have been developed using either in-plane or out-of-
plane strain relief measurement. The original in-plane method required three separate holograms to be
produced with different illumination and viewing directions. This made the optical arrangement quite
complex. Therefore more recently the out-of-plane measurement approach has been developed requiring
only a single hologram measurement. Finally current research is concerned with electronic speckle pattern
interferometry as another potential method of strain relief measurement.



2.7 Ring Core (Trepanning) Method

The ring core method is a variation of the centre hole method enabling greater measurement penetration. A
rosette containing three strain gauges is attached to the surface and then a circular annulus is milled around
the rosette in incremental steps of 0.2 to 0.5 mm. The cylindrical core is stress relieved and the resulting
relaxation strains measured. As the milling depth increases the change in relaxation strain decreases.
Therefore to obtain sub-surface stress values an experimentally determined 'declining’ function is used. To
obtain information below 5 mm the first core may be removed and another rosette fixed to the bottom of
the hole before milling a second core. The theoretical basis of the method assumes a biaxial stress state
which is co-planer with the surface. This may not always be the case below the surface for some
geometry's and applications. Also results from subsequent coring are perturbed by the presence of the hole,

The declining function, K, expressed in terms of the sensitivity to the strain measured in direction i, &;, with
annulus depth, z, is evaluated from:

& (7]

A uniaxial test is needed to calibrate the function K(z). For strain gauges positioned at angles o, a+45°
and o+90° where o is the angle of the nearest principal stress to gauge 1, the strain measurements €, £y
and €3 can be expressed in terms of the initial biaxial state as follows:

G]"‘Gz 1 ‘/ 2
Oxy = _02)

20'3—(0',+02)

tan 20 = (8]
-6,
where the stresses o, o5 and o5 are given by:
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The circular groove must be cut without introducing additional stresses. Air abrasion has been used on
hard and tough materials but a method suited for use in most structural materials is Electr-Discharge (EDM)
or Spark Erosion machining. EDM has the advantage of being relatively simple to apply because there are
no rotating parts. However the part must be submerged in a suitable fluid, such as paraffin, and as a
consequence the strain gauges need protection from this environment. Also local temperature changes may
arise from EDM, which can influence the strain gauge response.

The minimum practical diameter for the strain gauge rosette implies a core width of at least 10 mm. The

depth of the circular groove must be accurately machined. An error of 0.2 mm results in an error of 10% on
stress, In the UK the centre hole method is currently preferred over the ring core method.

3 NON-DESTRUCTIVE METHODS

3.1 Diffraction Methods



3.1.1 X-ray Diffraction

X-ray diffraction is the most widely used nondestructive method for residual strain measurement. A
monochromatic X-ray beam is used to measure selected crystallographic lattice spacings in the material
using Bragg's law. The diffraction takes place in a thin surface (x,y) layer (%20 um) where it is assumed
that the stress components, o, Ty, and Ty, are zero. If the X-ray beam is incident on the sample in the iz
plane, where i is a direction on the xy plane, the surface stress component, o;, is given by:

o, = £ &;—€,) (Ingeneral o; will not be principal) [10]
1+uv ! P

where E and v are Young's modulus and Poissons ratio for the material. The geometry of the equipment
does not permit the lattice spacing to be measured in the surface plane to obtain €. Therefore
measurements are made in directions z and inclined to the surface at an angle y (usually the x=z direction,
45°). In this case we find:

i(gw _32)

0;=
140 siny

[11]

In terms of lattice spacings, d, the term (g-€,) can be replaced by (dy,~d;)/d,. This relation is independent
of the unstrained lattice spacing, dg, achieved by assuming that strains are much smaller than 1.

To determine the surface biaxial stress state, oy, Gy, it is necessary to evaluate the surface stress levels for
at least three beam orientations.

To make residual stress measurements, lattice planes are selected to give large diffraction angles (usually 2
0 should be greater than 125° and preferably ~140°). Equation [11] is used (expressed in terms of lattice
spacings) either with the two-tilt method as described above or, more accurately, with a range of tilt angles,
y. When a range of angles is used least squares curve fitting is applied. This is known as the sin2y
method and usually 4 to 6 tilt angles are used with equal increments of sin®y. Typically diffraction angles
can be measured to within +0.01°, yielding a lattice spacing measurement accuracy of £0.01 pm. For
aluminium and steel this corresponds to an accuracy for stress determination of +14 and 41 MPa
respectively. In practical situations errors can be larger than these theoretical estimates.

Problems arise when the ratio (dw-dz)s’sinzw is not a constant as suggested by equation [11]. This can occur
when strong material texture is present such as from rolling and, although quite small, cannot be ignored in
iron based materials. Other reasons include large grain materials, the existence of shear strains parallel to
the surface and when significant stress gradients with depth are present. This is because the lattice strain
deduced from changes in position of an X-ray diffraction peak represents an average value in a given
direction only for those grain in the polycrystal which are oriented to diffract. However theoretical
developments have addressed many of the problems. In the case of crystallographic texture it is possible to
find angles of v in which the textured material has the same mechanical behaviour as in the isotropic case.
To deal with significant shear stresses parallel to the surface the Délle method has been developed. Finally
when stress gradients are present the theoretical development must be extended to include the effective X-
ray penetration depth. In this case it is assumed that the stress varies lineatly with depth.

Recently research has been done to investigate the possibility of using high energy X-rays to enable much
greater penetration into a component.

3.1.2 Neutron Diffraction

Neutron diffraction has a similar theoretical basis as X-ray diffraction but has the ability to penetrate much
deeper into a component. The technique is currently the only nondestructive method available for
measuring the whole stress tensor at a point within the sample. However an intense neutron beam source is
required which is available only at a nuclear reactor or accelerator. Therefore the technique is often used to
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test finite element codes, calibrate other techniques or undertake specific studies on relatively small
components. The 'gauge volume' or volume sampled is defined by the intersection of the incident and
scattered beams which are themselves defined by collimators,

Like X-ray diffraction the teéhnique is based upon Bragg's law of diffraction. For lattice spacing of planes,
dhit, With Miller indices hkl, the diffraction angles, 6p,y), are given by:

2dy,;;8in0yy; = A (neutron beam wavelength) [12]

Polycrystalline materials give rise to cones of diffracted neutrons at angles @py( = 26y about the incident
beam on the sample. The detector is scanned through @y to determine the peak count angle. A least
squares method is used to determine the diffraction angle and width of the peak. The lattice strain tensor is
then given from:

_ {dos — onas) _ cotd ot {@ s —Ponur)
B = == [13]
Aom 2

where the index '0' refers to values for the unstressed material. Obtaining values for dy and ¢g can be
difficult in practice. An annealed sample or an extreme part of a component may be used. Alternatively, a
sum rule or boundary conditions may be used. To measure the strain in different directions the sample
must be rotated accurately about the centre of the gauge volume. This contrasts with the X-ray method
where the beam is rotated and the sample remains fixed. As with the X-ray method, large diffracted angles
are preferred for high accuracy. To uniquely determine the full strain tensor at least six beam incident
angles must be used as there are six independent components in the tensor. More angles can be used for
higher accuracy.

An alternative to a steady reactor source of monochromatic neutrons is a pulsed white beam of neutrons
given by a spallation source. In this case the polycrystalline diffraction is observed at a fixed ¢ and time of
- flight, t, is used to scan the different lattice planes. The advantage of this method is that strains may be
measured from many lattice planes {hkl} at once. However the positioning of the sample is more critical as
it influences the path length and hence the time of flight.

The stress tensor may be evaluated from the strain values with knowledge of the elastic constants of the test
material. The principal axes are found by diagonalising the stress or strain matrix.

The accuracy of the diffracted angle can be measured to within +0.005° corresponding to +10 MPa.
Practical path lengths in steel and aluminium are 50 and 100 mm respectively. Thus measurements up to
25 and 50 mm below the surface are achievable in these materials. Longer paths in the material, for deeper
penetration, can be realised by sampling larger volumes. However, these may become unevenly
illuminated by the neutron beam because of scattering and absorption. In principal, all crystalline materials
can be examined, but some materials, such as nickel, scatter neutrons incoherently and others, such as
titanium alloy, have small Bragg intensities making measurements at depth correspondingly more difficult.

The elastic constants used to evaluate the stress tensor, E and v, depend upon the lattice planes {hkl}
measured. This is because the elastic response of each grain to an applied stress is anisotropic. Often these
constants are found by experimental calibration for the material. For steel the 211 Bragg reflection is a
good choice.

3.2  Ultrasonic Methods

The velocity of ultrasound in any material is directly affected by the magnitude and direction of stresses in
the material (acoustoelastic effect). Unfortunately the velocity changes introduced are small (~10-4)
because acoustoelasticity is only a second order effect and, although such changes are easily measured in
the laboratory, the effect can be swamped by other material changes, particularly preferred grain alignment
(texture). Therefore it is imperative that material anisotropy effects are separated to enable correct stress
assessment. For this reason the use of ultrasonics in the measurement of residual stresses is often limited to
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particular cases. However it appears that ultrasonics could and has been used to measure changes in stress.
Changes in observed velocity will be as a result of an integral of the stress field over the ultrasonic path, This
has important consequences for example, for bending stress where the average stress may be zero through the
specimen thickness. Ultrasonic methods fall into two categories, those using surface propagating waves and
those using bulk waves. The literature in the last ten to fifteen years has been extensive and for more information
the reader should refer to the bibliography in section 7.3.2.

The relationship between ultrasonic wave velocity, ¢, and stress, o, for longitudinal waves and polarised shear
waves are functions of the second and third order elastic constants. The relationships for these and other wave
displacements are rigorously established (Thurston and Brugger 1964). For an isotropic solid:

C!-),- = Cijo +gf}"kck [14]

where the index "' and 'j' refer to the ultrasonic propagation and particle displacement directions, and 'k’ the
stress direction. The index *0' refers to the unstressed state and g are the acoustoelastic constants. The
acoustoelastic tensor is unsymmetrical. There are five different isotropic parameters but only three of them
are independent. Values of g are expressed in terms of the Lamé second order elastic constants, A and p,
the Murnaghan third order elastic constant , |, m, and n and the density, p of the material (Murnaghan
1951).

However the third order elastic constants are not generally known and research of them has concentrated on
pure metals and alloys (Green 1973). Therefore because of this and also because velocity measurements
are highly sensitive to microstructural features and mobile dislocation density, experimental calibration is
usually carried out for the materials under study. It is often more practical to measure transit times rather
than velocities as the Ultrasonic path length is usually not known to a sufficiently high precision.

Ultrasonic measurements are made using transducers operating at several MHz which are coupled to the
test component using suitable jelly or grease, Early work concentrated on single crystals and
polycrystalline aluminium (acoustoelastic constants are high and texture effects low in aluminium).
However, to determine absolute stress levels, the velocities for unstressed material and the third order
elastic constants are required, A number of methods have been developed to avoid many of the difficulties,
Most of these rely upon combinations of bulk or surface wave velocity measurements.

3.2.1 Bulk Wave Methods

The longitudinal, V[, and polarised shear wave velocities, V| and V,, may be combined and normalised to
obtain parameters independent of path length:

v:-_v?
(; 2

Compressive Parameter = PR
Vi +V] +V;

Normalised Birefringence = [15]

A plot of the compressive parameter against the normalised birefringence enables microstructural texture
and biaxial stress levels to be separated in cases there the principal microstructural and texture axes are co-
linear. The velocity anisotropy of polarised shear waves appears to be a linear function of stress
anisotropy, ©1-09, although for absolute measurement the initial birefringence at zero stress is required.
However the ultrasonic paths for the three wave modes must be the same in order to assume the same
texture components in each case.

Phase difference techniques have been developed where accurate changes in stress levels can be measured.
The approach is to measure the change in phase between the front and back faces of a plate when the stress
level is changed. This change in phase is directly proportional to the sum of the residual stress levels, oy+o
2. Measurements are made with ultrasonic transducers positioned on opposite sides of a plate and only an
averaged through thickness measurement of the stress can be made. However careful field trials have
indicated accuracy's of approximately +15 MPa although +£10% of yield is more likely in general.



3.2.2 Surface Wave Methods

Surface wave velocities are related to residuval stress levels in a similar manner to bulk waves. The
penetration of these waves is approximately one wavelength which is typically 1 mm. Experimentally the
surface acoustic waves (SAW) are generated by a wedge or electromagnetic acoustic transducer (EMAT).
For absolute stress measurement the distance between the source and receiver transducers needs to be
known with high precision. Again only the average stress level along the ultrasonic path can be measured.
By making velocity measurements in orthogonal directions, stress and texture components can be
separated. However, this separation depends upon the texture being accurately the same along two
different paths and hence good material homogeneity.

Tomography methods have been used for Ultrasonics, yielding residual stress contours over the surface of a
-component from a prior knowledge of the third order elastic constants,

An alternative surface technique involves the measurement of the frequency dependence of the Rayleigh
wave velocity (dispersion). The varying penetration can be used to provide information about the variation
of stress with depth below the surface. For examples the reader is referred to the references.

3.3 Magnetic Methods

The magnetic properties of steels and other ferromagnetic materials are sensitive to internal stress levels
due to magnetostriction and the subsequent magnetoelastic effect. Magnetostriction is the process thereby
each magnetic domain is strained along its direction of magnetisation, Consequently a change in the stress
level will result in a modification of the domain configuration so as to reduce the magnetoelastic energy.,
The energy of magnetisation, E, for a single crystal is given by:

3 1 1 1
E=K (aje} +ojo] +“§“12)_§7“100[611[a$ "5) +522[o¢§ ~§]033(a§ ht’;]]

_37‘-111(0|20‘10‘2 + G 50,0, "'0'310530‘1) - Ms'H(a]Bl +a,f3, +0‘3[33)

[16]

where o; and {3 are the direction cosines of magnetisation, Mg, and applied field, H, respectively, K is the
first magnetic anisotropy constant and Xjgg and Aqj; are the saturation magnetostrictions along the
indicated axes. At minimum energy the magnetisation will align with the crystalline directions (the
magnetic easy axes) indicated by the first term of the equation. When stress is applied in a polycrystal the
second and third terms indicate that the relative numbers of domains aligned along each of the gasy axes
will change. For example for positive values of A g (e.g. steel) more domains will be aligned to the easy
axes closest to the directions of maximum positive stress. The last term gives the energy of magnetisation
in an applied field.

The magnetic hysteresis loop will be distorted as a consequence of stress so that there will be changes in
the coercive field, remanence and permeability. However all these properties are also sensitive to the
microstructure and mechanical properties of the material. Therefore for most experimental work,
calibration against known stress levels is required. Additional magnetic methods employed for stress
measurement include magnetic incremental permeability {1p), Barkhausen emission (BE), stress-induced
magnetic anisotropy (SMA), magnetoacoustic emission (MAE) and magnetically induced velocity change
(MIVC). For further information the reader is referred to the bibliograpy of section 7.3.3.

Practical measurements are normally carried out using an electromagnet to apply a magnetic field and
various coils, magneto-resistors or Hall sensors to measure the electromagnetic signals. Measurements are
usually limited to the surface of a component because of limited magnetic field penetration into the bulk.
This arises from Eddy current screening, controlled by the frequency of both the applied and detected
fields, and also from the physical size of the magnet. The MAE and MIVC techniques use ultrasonic
transducers to detect the signal, in the former and generate and detect the signal in the later case.
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Magnetic methods are usually rapid taking just a few minutes but an undersfanding the results enabling
quantitative stress evaluation has traditionally been their weakness.

3.3.1 The Hysteresis Loop

A theoretical understanding of uniaxial stress upon the magnetic hysteresis loop has been well established
for polycrystalline materials in recent years. The Langevin function representation the anhysteretic
together with models of the polycrystalline magnetostriction have been used to predict and evaluate
uniaxial stress levels. Full triaxial modeiling has not been achieved however. Also full hysteresis loop
measurement on plant components is usually not quantitatively possible because of the resulting non-
uniform magnetic fields. Nevertheless a practical approach has been developed using low field magnetic
suseptibility measurement for uniaxial stress level and direction measurement.

3.3.2 Coercive Field

Coercive field values can be made on practical components because at zero magnetic flux, B, there is no
flux leakage. Therefore coercive field measurements (H at B=0) are independent of probe lift-off effects.
However detailed studies by several workers have shown that sensitivity to the level of stress is much lower
than to changes in microstructure, such as grain size or the effect of tempering. No practical system has
been proposed using this method.

3.3.3 Permeability (1)

Stress in the material results in partial domain alignment as discussed above. As a consequence the
material becomes easier to magnetise along the maximum stress axis as compared to the minimum stress
direction. Therefore the permeability is highest along this axis.

Measurement of incremental permeability, (up), is achieved by superimposing a small amplitude secondary
magnetic field upon a primary low frequency drive field. The frequency of the secondary must be high
compared to the primary field but low enough to maximise penetration by minimising Eddy current effects.
The permeability is related to the normalised modulus, [AZ/Z|, of the electrical impedance variation AZ =
Z-Z of the probe coil with respect to its value in free space of Z,,.

The uniaxial stress sensitivity is similar to that predicted for permeability using theoretical models when
the stress and applied field are parallel. A monotonic relationship between stress and permeability is
observed with maximum sensitivity to compressive stress levels.

A simplified method known as, Directional Effective Permeability, (DEP), has been developed for use in the
field. This uses a fixed amplitude AC field electromagnet with Eddy current equipment for impedance
measurement. The impedance or voltage is sensitive to the average permeability along the measuring
direction. By rotating the probe, a directional effective permeability can be measured as a function of
probe angle. In the absence of material texture, DEP will be constant and no magnetic anisotropy is
measured in a stress free state. In a biaxial stress field, DEP will change sinusoidally as a function of the
measuring angle, with maximum and minimum DEP along maximum and minimum stress axes
respectively. DEP magnitudes are related to both the principal stress levels enabling, in addition to
measurement of principal directions, a measure of the two principal surface stress values to be attempted.

Normally a biaxial calibration is carried out on the material of interest to enable absolute stress evaluation.
However similar materials exhibit the same characteristics between stress and DEP, enabling some
qualitative assessment without calibration. Understanding of the biaxial sensitivity can be understood in
part by considering equation [16] together with the Langevin anhysteretic and magnetostriction formulation
developed for magnetic hysteresis loops. However literature is mainly concerned only with uniaxial stress.

The weaknesses of the technique remain with its material sensitivity as well as the need for an unstressed
reference DEP value.
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3.3.4 Magnetic Anisotropy Methods

Anisotropy in the magnetic permeability is induced by stress as discussed above. There are two methods
which make use of this effect to accurately measure the induced anisotropy and hence the stress parameter
G1-07 in the plane of the component surface,

The first method is known as stress-induced magnetic anisotropy (SMA). The Anisotropy induced by stress
results in the rotation of an induced magnetic field away from the direction in which it was applied. For
example if a uniaxial tensile stress exists in a steel component and the magnetic flux is applied at some
angle with respect to that stress, the induced field will rotate towards the tensile axis. The maximum
rotation occurs when the applied field is oriented at 45° to the tensile direction, while no rotation occurs
when the magnetic field and stress axes are parallel or orthogonal.

To utilise this effect, an AC magnetic field is applied to the component by a C-core laminated mumetal
electromagnet, and the rotation of the field away from its applied direction measured, This is achieved by
inserting coils between the poles of the magnet. ‘One set is aligned so as to measure the magnetic flux
being applied by the magnet while the other is aligned so as to link to any flux in the orthogonal direction
in the plane of the component surface. If the magnetic field is rotated away from its applied direction in the
steel due to the presence of stress, the rotation angle of the field in the air just above the steel is simply
related to the ratio of the voltages measured across the two sets of coils. The instrument then gives a
voltage reading proportional to the rotation angle (the SMa signal).

The method employed is to rotate the whole probe, and therefore the applied magnetic field, and to measure
the output voltage as a function of the rotation angle. The phase of this signal enables the principal stress
directions to be determined while the amplitude is almost monotonically related to the size of the stress
anisotropy present. If the steel has permeabilities 1y and py along the principal axes and the line joining
the magnet poles makes an angle, o with p; then it can be shown that, in the absence of hysteresis, the two
rotation angles © and ¢, for the two field components H and B in air are related by:

Tan(d) - 0.) B Tand
Tan® = ad [17]

’:l—z + Tand. Tan{d ~a)

where 0 and ¢ are measured in the opposite sense. When the probe is aligned along either of the principal
directions (=0 or 90°) we find 8 =¢= 0°. The greatest field rotation angles and hence the largest SMA
signal occurs whenever the probe direction approximately bisects the principal axes.

Theoretical development has yielded a relationship between the SMA signal and the stress anisotropy
enabling the technique to be used for quantitative stress evaluation. The technique has the advantage of
being a 'null' method. Ie. on flat plate when the stress is zero the SMA signal is almost zero. Therefore
very high accuracy is achievable and a zero stress reference is not required. However, material anisotropy,
such as grain alignment, does result in some measured SMA at zero stress, aithough this is usually small
compared to the stress sensitivity. Similarly the two principal stress axes on the component surface can be
accurately determined as the probe is rotated.

The second method, known as MAS, is similar, but the sensing coils are replaced by a second C-core magnet
positioned orthogonally with respect to the energising magnet. The MAS signal is given by the voltage
induced across a coil wound on this second C-core.

3.3.3 Barkhausen Emission (BE)

The magnetic Barkhausen effect is observed as transient pulses induced across a search coil placed near or
around the ferromagnetic material undergoing a change in magnetisation. These pulses can either be
observed individually by counting and amplitude sorting or as an rms signal as a function of the applied
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magnetic field. The BE signal arises from irreversible magnetic domain wall movements as domain walls
become successively pinned and jump over obstacles in the material. These obstacles are typically
dislocation defects, second phases or grain boundaries and consequently the technique is particularly
sensitive to the microstructure and mechanical properties of the component. The technique is also sensitive
to the internal stress state because of the partial domain alignment along the maximum principal stress axis.
Thus tensile and compressive stresses usually increases and decrease the BE signal respectively.

Correlation of BE behaviour with B-H loops and other magnetic parameters is complex and the high signal

frequencies (1 to 100 kHz) limit penetration resulting in a strong bias towards near surface layers and thus
surface condition.

The technique has been investigated for stress measurement for over 30 years and commercial equipment is
available unlike most other magnetic techniques. However full experimental calibrations using known
stresses are required on identical material to the components under test if quantitative stress information is
required. The technique has been used to measure uniaxial, and in some cases, biaxial stress together with
principal stress directions. The approach is to measure BE as a function of probe rotation and find the
directions of maximum and minimum BE signal. These angles correspond to the principal stress axes in
cases where the magnetic anisotropy due to stress is large compared to that due to material anisotropy such
as rolling texture,

3.3.6 Magnetoacoustic emission (MAE)

When a ferromagnetic material is taken through its hysteresis loop the magnetisation of the steel takes
place by creation of domains, movement of their boundaries and subsequent annihilation of these domains.
In steel the effect of magnetostriction is to make each domain longer along its direction of magnetisation
and shorter in the orthogonal directions. There is thus a small strain field associated with domain
magnetisation. Consequently if the direction of the magnetostrictive strain changes as a result of abrupt
domain wall movement (90° domain walls in steel), elastic waves will be generated locally (MAE). MAE is
therefore composed of millions of discrete acoustic emissions which together form a continuous largely
incoherent noise signal.

If the steel is subjected to stress, this will interact with the magnetisation process as discussed above
resulting in partial alignment of the magnetisation vectors towards the tensile axis, or away from the
compressive axis. MAE is highly sensitive to stress due, in part, to this partial domain alignment. MAE
signal amplitudes decrease for increasing tension and compression.

Some uniaxial and biaxial modelling of the technique has been done using a simple model for
polycrystalline magnetostriction. However theoretical development is generally weak.

The MAE signal is normally detected by a piezo-electric transducer while the component under test is
subjected to a varying magnetic field. The rms signal as a function of applied field is measured, Typical
signal bandwidths are 10 to 1000 kHz while applied fields are usually between 0.1 and 1000 Hz. The
penetration for measurement is normally much greater than other magnetic methods because the acoustic
signal is not attenuated by Eddy currents in the test component.

Like BE, MAE measurements as a function of probe orientation may be used to determine principal stress
axes and, with calibration, stress level information. However this is often not effective because the signal
amplitude decreases for stress of either sign making inversion fo stress ambiguous. The MAE technique
does not provide enough information for unique biaxial stress evaluation but must be used together with
further information. This has been achieved by using MAE together with SMA measurements.

A unique development of the technique has been to measure variations of stress with depth. This was
achieved by varying the measurement penetration by changing the frequency and using a complex biaxial
stress model to invert the data to stress.

All work with this technique has been limited to laboratory studies.

13



3.3.7 Magnetically Induced Velocity Changes (MIVC)

Ultrasonic velocity is sensitive to the magnetic field strength in the material as well as the internal stress
state. Both bulk and surface stresses can be investigated by using either bulk longitudinal and shear waves
or surface Ultrasonic waves. The velocities are much less sensitive to preferred grain alignment compared
to Ultrasonic stress measurement methods because the technique is principally based upon the
magnetoelastic effect not acoustoelasticity.

Measurement of wave velocities as a function of applied magnetic field enables the uniaxial stress level to
be determined. At zero stress as the field is increased the velocity increases. Typical increases in velocity
are ~0.1%. When uniaxial tensile stress is present the increase in velocity is less marked but still
monotonically related to the applied field. However compressive stress levels show a decrease in velocity
for relatively low magnetic filed strengths, followed by an increase as the field is increased further. Thus
both the sign and magnitude of the stress can be inferred from the wave velocity vs applied field data.

Further information can be obtained by measuring changes in the ultrasonic attenuation as a function of the
applied field.

3.3.8 Magnetic Technique Combinations -

In order to improve accuracy of measurement and reduce the influence of extraneous factors such as
microstructure recent researches have used a combination of two or more magnetic methods. These are
usually incorporated into a singie instrument to ease use and maintain a rapid method. One examples
includes a combination of BE, coercivity and permeability and a second one a combination of DEP, SMA and
coercivity. Both are incorporated into portable systems for in-field use, the first being available
commercially. The second system has been developed specifically for absolute biaxial stress measurement
while the first has general use in NDT for materials characterisation.

3.4 Thermal Methods

Methods such as SPATE and TERSA make use of the thermoelestic effect to measure stress levels in a
component remotely. The thermoelastic effect arises from conservation of energy and momentum resulting
in small temperature changes accompanying changes in stress level. Although much smaller than 1 K,
these temperature variations can be detected by modern intrared equipment.

3.4.1 The SPATE Method

The temperature difference, 0, above a reference temperature, Ty, for a linear isotropic material satisfies the
following relation (Boley and Weiner 1960): '

29 as
Wo=pC Zian, 22 18
p [ ot 0 6! [ ]

where k, p, C; and are the thermal conductivity, density, specific heat under constant strain and
coefficient of linear expansion respectively for the material. S is the sum of the principal stresses and t the
time. If thermal conduction can be neglected (adiabatic) the simple expression below can be derived:

7= ~KAS where K=o¢/(pCs) [19]

0

where AT and AS are changes in the temperature and bulk stress and K is known as the thermoelastic
constant. Equation [19] is applied in the SPATE system (Stress Pattern Analysis by measurement of
Thermal Emission) for stress analysis, and therefore the method is only valid when the rate of loading is
significantly higher than the rate of thermal diffusion. For most metals >10 Hz cyclic loading is required.
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SPATE is a computer controlled system with a liquid nitrogen cooled infrared detector operating in the 8-
12 um spectral range, The amplification must be phased locked to the mechanical cycling in order to
achieve sufficient sensitivity (0.001 °C). Stress variations of resolution 0.4 and 1 MPa in aluminium and
steel respectively can be observed using a stand-off distance of 25 ¢cm and a spatial resolution of 0.5 mm.
Calibration is often carried out using a strain gauge reference. However components must be coated with a
thin matt black paint,

The technique has been applied to a wide range of materials including metals, plastic composites and
bones. Application to fracture studies yields stress intensity factors and the extent of the plastic zone. The
method can also be used for validation of finite element codes.

3.4.2 The TERSA Method

TERSA (Thermal Evaluation for Residual Stress Analysis) is being developed to address measurement of
static residual stresses. The application of heat to a body results in a temperature change which depends
upon the specific heat and thermal conductivity of the material. In an analogous manner to pressure in
gases, the specific heat and conductivity depend upon the internal stress state.

The approach involves using an infrared laser as a focused heat source on the surface of the component
while measuring the temperature rise with a very sensitive radiometer. Temperature rise monitored over
time yields information about the stress level. The work is in its early research phase.

3.5 Optical Methods

3.5.1 Photoelastic Method

The photoelastic or stress birefringence method measures the stress from its birefringent effect upon
otherwise optically isotropic material. To use the technique models of the component are made from
photoelastic material. The model is loaded at a temperature above the critical temperature and sectioned
after cooling and removal of the load. A transmission polariscope measures the fringe pattern enabling the
stress to be assessed at each point in the section.

The sensitivity of the method depends upon the stress-optical coefficient, S, and the fringe-stress
coefficient, F, for the photoelastic material. The fractional velocity difference per unit stress, S is
expressed as:

(1 - <o)

S =
co(cx —cy)

and F =[S [20]

where ¢q is the wave velocity in the unstressed material, ¢; and ¢, the wave velocities in the stressed
material and oy and o, the principal stress levels in the plane perpendicular to the propagation direction. A
is the wavelength of light. F is defined as the stress required to produce one fringe.

3.5.2 Photoelastic Coating Method

The use of models can be avoided by using a photoelastic coating and refection polariscope. Special foils
of thickness 1.2 to 3.2 mm are glued or a coat of lacquer is sprayed onto the surface. A linear -polarised
light illuminates the object while loaded. Interference patterns occur in the surface layer as an indication of
the difference in the principal stress levels. The direction of the principal stresses are also indicated by the
interference lines.

Photoelastic methods have the advantage of giving a global overview of a component,

3.5.3 Moiré Method
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The surface of the component is coated with a fine grid pattern and compared with a reference grid after
loading. The resulting Moir¢ fringe pattern is measured optically. Limits on strain sensitivity are set by the
grid (~4x106 m) which is produced by microtoming. The reference grid may be a second grid or a double
exposure of the grid before and after loading,

3.5.4 Holography Method

A hologram is produced of the object before and after loading and an interference pattern generated.
Changes in strain are imaged as black lines. The method is used to analyse dynamic loading effects. The
strains evaluated are those parallel to the direction of visual observation.

3.5.5 Speckie Method

A laser beam incident upon a rough surface appears as a spot with a speckles, due to random variation in
path length for light scattered to the observer. When imaged on a screen through a lens, the speckle size is
proportional to the ratio of the light wavelength and lens aperture. To measure the strain in the plane of the
surface, speckle images are formed before and after loading the object. When recorded onto photographic
film and subsequently illuminated by laser, a fringe pattern is observed enabling displacements in the range
1 pm to 1 mm to be estimated.

3.6 Other Methods
3.6.1 Indentation Measuremenis

An indentation results in high stress concentrations in the vicinity of the area of contact, enabling the yield
stress to be measured. However, in the presence of significant levels of residual stress, the stress
distribution is modified resulting in unisotropic yielding around the indent. This can be measured
quantitatively using optical interference. The approach has been effective for uniaxial residual tensile
stress but ts less sensitive to uniaxial compression and biaxial stress states.

3.6.2 Nuclear Hyperfine Methods

The internal strain field affects the coupling of the nuclear magnetic and elastic moments to the
sutrounding atomic lattice. NMR and perturbed angular correlation methods have shown sensitivity to
internal strain. However some of these techniques require the material to contain an element isotope which
possesses the appropriate nuclear property. For example, the Massbauer effect requires 57Fe to be present,
and perturbed angular correlation requires an appropriate radioactive nuclide.

In NMR the stress field influences the electric field gradient produced in the vicinity of an ion by the
surrounding ions and electrons. The resulting influence on the electric quadrupole moment of the ion in the
lattice perturbs the NMR signal. This effect is currently limited to laboratory research, The NMR
technique requires a large magnet with size limitations on the component under test,

4 NUMERICAL METHODS

Several approaches have been developed for quantitative analytical methods to predict residual stress
distributions in manufactured components and parts. With the advent of widely available computers,
numerical tools such as the finite element method (FEM) and finite difference method (FDM) were
extensively applied to solving residual stress problems. The reader is referred to section 4.4 for summaries
of computational residual stress analysis methods. The main areas of interest are in the fields of welding,
forming and heat treating.

Consider the welding process. Equations for the temperature distribution due to a moving heat source were
published by Rosenthal. Early attempts to predict residual stresses due to welding by Tall and
Vaidyanathan, applied simplified analytical approaches which indicated the distribution of stress but had
limited accuracy. The development of finite element computer codes enabled numerical solution of the
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heat transfer and structural response and was applied by Hibbitt, Friedman and Hsu, identified welding
parameters such as power and torch speed as being more important than material properties or cooling
conditions. Rybicki and co-workers in the USA calculated temperature distributions using the Rosenthal
equations and applied these to the elastic-plastic finite element stress analysis for a range of weld
geometry's of butt welded pipes and plates. Argyris and others in Germany, incorporated the effect of
phase changes during solidification into a finite element analysis of the entire thermoelastic-viscoelastic
process.

Phase changes were found to alter stress histories during cool-down but to have only a small effect on
steady state stresses apart from some relatively minor local variations. In the UK work has been carried out
by The Welding Institute where Leggatt used an empirical/analytical approach to predict residual stresses.
Recently simplified approaches, suitable for application on PCs, have been reconsidered by Japanese
researchers such as Umemoto. These approaches argue, on the basis of comparison with measurements,
that the last welding pass dominates the residual stress distribution and the dependence of material
behaviour on temperature is of no importance after the material cools from its re crystallisation
temperature.

Two approaches can be undertaken to determine temperature distributions during welding. The first
approach based on the classical equations of a moving heat source developed by Rosenthal, has the
advantage of being analytically tractable and programmable for a PC. However it contains simplifications
which tend to limit its accuracy. However it is considered useful because it enables a range of welding
parameters to be easily and cheaply investigated. A second approach is to model transient heat transfer due
to welding by finite element analysis. This enables factors, such as surface heat loss and weld area, not
easily included in the analytical approach to be incorporated. Temperature distributions obtained in this
way can be easily applied in a structural model.

The first approach can be used to predict the temperature distribution in a wide finite width plate with
adiabatic surfaces produced by a heat source travelling in a line anywhere through its thickness. A method
of superimposing solutions for a number of imaginary heat sources can be used. Input data for computer
code comprises the welding parameters of interpass temperature, heat rate, torch speed and weld efficiency
and the thermal properties and thickness of the plate. Examples of temperature distributions can be
calculated at different times enabling investigation of parameters.

The second approach for thermal analysis of the welded plates is carried out using a two-dimensional unit
thickness finite element model. A number of software codes exit for performing the analysis. The
appropriate assumed boundary conditions should be applied and only the final weld pass normally needs to
be considered. The approach is to consider two sets of temperature fields. The first just before the final
pass weld torch heat was applied (interpass condition) and the other just after the deposit of the final pass
filler material. The weld top surface is then allowed to cool down to the estimated recrystallisation
temperature,

A two-dimensional finite element model program is then used to carry out linear and non-linear analysis of
residual stresses, In the linear (elastic) case the resultant stress field is determined by considering the
welding cycle as a two stage operation (heat up and cool down), where the weld material is considered to
have no strength during the first stage. Stresses are determined by summation of the results from both
phases. For the non-linear (elastic/plastic) analysis, typical room temperature work-hardening
characteristics are used for the parent and as-deposited weld materials. Stresses due to the cool down phase
are then determined.

Finite element analysis can also predict the distortion of the plate due to the final weld pass.
Computer codes for modelling of residual stresses is still under development. However, many codes

developed for specific functions predict stress distributions in good general agreement with measurement
methods. Work is usually limited to relatively simple geometry's.

17



5  OFFSHORE POTENTIAL

There is currently little residual stress measurement carried out in the offshore industry, so that
conservative estimates have to be made of fatigue life. However there growing interest and some use of
semi-destructive methods such as the centre-hole technique for specific critical problems. Also finite
element calculation has been applied to offshore nodes. Virtually no NDT methods have been used except
a few magnetic BE measurements which the industry has found to be of limited reliability. Bearing in mind
the working environment and the size and nature of the structures, there will always be limitations on the
application of all such techniques.

Destructive techniques require enormous preparation and effort and have largely given way to the use of
semi-destructive methods as these have become established. Even so, semi-destructive methods are slow
compared with NDT methods, and besides greater cost per measured strain, slightly damage the
component. There could be some growth in centre-hole strain-gauging, especially in combination with
finite-element modelling or NDT measurement.

In contrast, in the past NDT technology for stress measurement has not been sufficiently well developed to
compete in terms of reliability and accuracy. However X-ray diffraction has now been established over a
number of years and smail portable equipment is available for rapid measurement of surface stresses. The
technique has some limitations, not least its very low penetration making surface preparation critical,
Corrections due to preferred grain alignment, stress gradients and triaxial stress would also be difficult to
make in-situ, It is therefore difficult to see a large growth in it application offshore.

Other NDT techniques such as ultrasonic and more recently magnetic methods, have made up ground both
in the theoretical establishment of principles and in practical implementation, These methods do not
measure stress or strain directly but properties of the material which are influenced by the internal stress
state, which must in turn be calibrated in terras of stress. Therefore data has always been difficult to
interpret and sensitivity to other material aspects needed to be addressed before the technology could be
practical enough for use outside the laboratory. Ultrasonic techniques can only give a line average
measurement along the propagation path of the ultrasound and will suffer from access problerhs because of
the need of using probe pairs on either side of the measurement location. Local variations in preferred
grain alignment to which the technique is extremely sensitive, makes it difficult to use in practice, except
for specific applications such as monitoring stress changes. It is likely that there will be some increase in
the use of ultrasonic strain gauges in the context of for instance monitoring the tightening of bolts and
connectors,

Magnetic methods also have access limitations because of the need of placing the probe directly over the
measurement area which must be flat or gently curved. Therefore measurements below the weld cap,
where the stress is likely to be highest, cannot be obtained. Also magnetic methods require careful
calibration for each type of steel. This may not be a great restriction if only a few steel types are
predominantly used in offshore structures. A substantial programme is under way (funded by the CEC
Thermie initiative) to prepare AEA's MAPS system for offshore use, and the results of this are awaited with
great interest,

Optical and thermal methods offer the ultimate in rapid coverage of large areas but the developed
‘technology is limited to measurement of dynamic stress changes.

Numerical methods are now quite powerful for evaluation of residual stress distruibutions in and around
welds. Of course the approach is generic and will not indicate which, of a number of similar welded joints,
contains high or low stress levels due for instance to variations in procedure, but it will give an indication
of where the stresses are likely to be serious and what influence reaction stresses will have from the rest of
the structure. We recommend an alliance between finite element calculation and NDT measurements.
Finite element is generic because input quantities such as heat input, torch speed etc. have to be estimated
and typical values used. However one or two NDT results from a particular weld may enable characteristic
trends from finite element analysis to be better 'anchored' for each specific weldment. Convesely
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characteristic trends from finite element may enable NDT data to be extrapolated into key inaccessible
regions such as within the weld.

Table 4 summarises the application and potential of stress measurement techniques in the context of the
offshore industry.
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