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ABSTRACT

An invedtigation of how the residud stress of a welded pipe contributes to the CTOD and the J-
integral has been performed. Many experiments show that for ductile materids and high L, vauesthe
contribution from the residua stress to the risk of fracture is negligible. The objective of the present
numerica andyses is to investigate how the weld resdud stresses interact with other types of
sresses and if possible give some recommendations on how to treat weld residua stresses in
fracture assessments. The welding process has been smulated according to generdly accepted

methods in order to obtain a proper plagtic gtrain field. The results imply that dthough the rdative
contribution of the resdud stress to fracture decreases rapidly for high L, the resdud stresses ill

make a non-negligible contribution even for quite high loads.
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1 INTRODUCTION

Structures may fail because of crack growth both in welds and in the heet affected zone (HAZ). The
welding process itsdf induces resdud stresses in the weld and HAZ, which contribute to crack
growth. The mechanism of growth can be sub criticad i.e. IGSCC or fatigue, or critica growth
initiation. Severd references regarding smulation of the welding process can be found in a recent
report on welding in stainless stedl pipes by Brickstad and Josefson [1], and dso in Hou et d. [2].
Two examples of studies on crack growth in welds are [2] and Kanninen et d. [3]. It is not sdf
evident which characterising fracture parameter to use when the crack is subjected to weld-induced
sresses. This study as well as others, e.g. [2] demondrates the difficulties usng the J-Integral. Crack
opening measures are often proposed, e.g. in [2] and [3]. In this report both the J-Integra and the
CTOD (Crack Tip Opening Displacement), obtained by the 90°-interception congtruction, are
cdculated, and their vaidity and usefulness are discussed.

The main purpose of this work is to investigate the significance of the residua stresses for cracks in
ductile materials with nuclear applications. The treatment of weld-induced stresses as expressed in
the handbook by Andersson et d [4] is beieved to be conservative for ductile materids. This is
because of the general approach not to account for the improved fracture resstance caused by
ductile tearing and furthermore there is experimenta evidence that the contribution of resdud

sresses to fracture diminishes as the degree of yidlding increases to a high level. Green et d [5,6]
and Sharples et d [7-9] showed in a series of experiments that at low levels of yielding, i.e. smdl L;,

the influence of the resduad sresses was large, but near plagtic ingtability (, = 1) weld-induced
stresses were of little importance. Available procedures for flaw assessments, such asthe ASME XI
code [10] and the R6 procedure [11] treat this issue differently. For ingtance, the ASME XI code
does not consder weld-induced residua dtresses in some materids eg. sanless sed welds.
Neglecting weld-induced stresses in generd, though, is doubtful for loads that are mostly secondary
(e.g. thermad shocks) and for materids which are not ductile enough to be limit load controlled.

In order to demondtrate the effect of weld-induced residual stresses onJ and CTOD, a series of
andyses have been performed. A non-linear thermoplagtic finite eement model was adopted to
smulate the circumferentid weld in a reativey thinwdled danless ged pipe. A commercidly
available FEM code, ABAQUS [12], was used for the calculations. After the pipe had cooled down
after welding acircumferential surface crack was introduced. The crack, located in the centre of the
weld, was subjected to two types of loads. Firdly, the welded pipe was subjected to a primary
tendle load , and then to a secondary thermal load. The J-integrd and the CTOD were caculated
during the complete hitories of the tendle and thermd load. These results were compared with
results from equivadent analyses but with no resdud stresses present. This made it possible to



4 (46)

quditatively obtain some understanding on how the contribution of the residud stressesto fractureis
affected by the magnitudes of the primary and secondary loads.

2. SIMULATION OF THE WELDING PROCESS AND CRACK GROWTH

The modelled pipe has an inner radius, rj = 38 mm and awall-thickness, t = 11 mm. The geometry
is depicted in figure 1. The weld is oriented circumferentialy. The choice of geometry is guided by
the type of dress field obtained for thin waled pipes. The axid dresses are essentidly through-
thickness bending wheress in a thick-walled pipe they are more complex and aso less severe. A
non-linear uncoupled thermoplagtic based modd was used. The therma andysis and the stress
andysis are described in the two following subsections. The generd procedure of smulation follows
that of Brickstad and Josefson [1].

The geometry of the weld moddling are amplified in the following ways.

- Only the last weld pass is modelled. Thisis motivated by the fact that for a thinrwaled pipe
such as in this case, the last pass in a series of passes will cause a uniform heating of the
entire thickness of the pipe.

- Only haf the pipe section is modelled because the crack plane coincides with the symmetry
plane.

- It has been observed that the resdud sresses in a crcumferentially welded thinwalled
pipe are approximately rotationdly symmetric. This judifies the use of an axisymmeric
modd.

- Thewed geometry is somewhat smplified, a rectangular groove has been used.

2.1 Thefinite dement mode

The same mesh has been used in both the thermal and the dtress andysis. The dements used are
eght-noded biquadratic axisymmetric with full integration, which have proved to give the best
convergent behaviour. The crack plane is aso the symmetry plane which dlows for the modeling of
only hdf the pipe section, see figure 1a-h). Anticipating that a crack is to be introduced the mesh is
focused on a point where the crack-tip will be located. The smdlest eements used are smdl (»10-3
mm). This was necessary in order to evauate the CTOD at low load levels. In Appendix C a
separate study is presented in order to determine a suitable finite element modd. The FEM code
ABAQUS [12] uses a Newton iteration method improved by a line search agorithm, which is
effective when the initid iterations are rdaively far from the solution.
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Figurel. a) The geometry of across section of the pipe wal in the z-direction. Only
haf the pipeis shown due to symmetry.

b) Detal of the mesh used in the finite dement andyss.
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2.2 Thermal analysis

The therma problem was trested as follows. An heat flux [W/m?] was activated in the weld materid
that conditutes the last pass. The use of only the last weld pass amplifies the cdculations
substantialy in the respect that birth of eements need not be considered. An unredistic consequence
of the assumption of axid symmelry is that the heet flux is applied ingantaneoudy around the
circumference of the pipe. This can to some extent be compensated for by assuming that the heat
flux is applied during afinite period in time with an assumed triangular time variation corresponding to
the gpproach and passing of the weld torch. The hesat flux h can be expressed as

\
h _V_pQIine’ (1)

where Qjine is the net line energy [Jm] used during the welding and v is the travel speed of the weld
electrode, V,, isthe weld pass volume. However the weld pass volume V|, can not be defined in a 2-
D modd and must be chosen in such a way that some empirica observetions are satisfied. The
molten zone size and the distance from the weld-base materia interface to HAZ must be redistic [1].
Onceits vaue has been set the duration Dt of the heat flux period can be determined from

Dt =P )
Apv

where A, isthe area of the cross section of the weld pass. However it should be pointed out that the

objective here is to achieve rdaively high resdud dress levels and properly infer the resdud
stresses through plagtic srains, rather than smulating a particular sressfield.

The boundary conditions adlow for both convection and radiation. The axisymmetric conditions
assumed mean that heat losses in the axid direction are neglected. Radiation losses are dominant for
higher temperatures near the weld. Convection losses are important for lower temperatures some
distance away from the weld. A combined boundary condition, which takes into account both

radiation and convection is used in thiswork, Argyris et d [13]. The resulting heet transfer coefficient
apis

ap=0.0668T W/n¥, 0°C < T<500°C

3)
ap=0231T-821 W/m2,  T>500°C

The other necessary thermd data for both the weld materid and the base materid are stated in the
table below.
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Tablel
T Cp | a

[°C] [Jkg®C] | [WinrC] | [106/°C]

20 442 15.0 19
200 515 17.5 19
400 563 20.0 19
600 581 22.5 19
800 609 255 19
1000 631 28.3 19
1200 654 311 19
1340 669 33.1 19
1390 675 66.2 19
2000 675 66.2 19

2.3 Structural analysis

In the structurd andysis the temperatures taken from the thermal analyss are used to caculate the
dresses. Only small drain theory is conddered. In [1] it was observed that the difference in the
weld-induced stresses between small strain theory and large strain theory is smdl. The von Mises
yield criterion and associated flow rule are used together with kinematic hardening and a bilinear
representation of the stress gtrain curve. Kinematic hardening rather than isotropic hardening is
chosen because it is believed to better modd reverse plasticity and the Bauschinger effect that is
expected to occur during welding. It is dso believed that an insufficient number of dress cycles
occurs during the single-pass welding for symmetrization of the hysteresis loop to occur, a Situation
which would have been better represented by isotropic hardening. Nevertheless, the effect of using
isotropic hardening has aso been studied. The results are presented separately (Section 3.3). The
use of only the last weld pass amplifies the cdculations in the same way as in the thermd andysisin
the respect that birth of €lements need not be considered. The materid in both the weld and the base
have the same mechanica properties. This choice serves the purpose of limiting the number of
parameters affecting the fracture problem. The mechanicad materid data are presented in Table 2.

Table?2
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T E n sybase | Et/E
[C] | [10MPd] [MPe]
20 2.0 0278 | 230 0.014

200 1.85 0.288 184 0.014
400 1.70 0.298 132 0.014
600 1.53 0.313 105 0.014
800 1.35 0.327 77 0.014
1000 0.96 0.342 50 1.104
1200 0.50 0.350 10 1.104
1340 0.10 0.351 10 1.104
1390 0.10 0.353 10 1.104
2000 0.10 0.357 10 1.104

300 | | I T
200 .
100 —
g
2, 0 .
N
? 100 -

weld pass
-200 boundary

-300 | | | * | “‘_‘F
0.6

0 0.2 0.4
(r-r; Mt

Figure2 Theaxid resdud dressdong the symmetry linei.e. inthewdd centreline.

The reaulting axid dress across the symmetry lineat T = 22.5 °C is shown in figure 2. For this
rdaively thinrwaled pipe the stress didribution ismainly that of bending. The smal bump at the weld
pass boundary is believed to be a consequence of the numericd moddling. The crack will be
introduced with its crack-tip located a 3.26 mm from the ingde surface which is not close to the
bump. Thus, the bump will not be of any sgnificance for the fracture andyss.
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2.4 Simulation of crack growth

After the welding process is over and the pipe has cooled down to room temperature a crack is

introduced in the weld centre line by means of gradua node relaxation garting from the indde of the

pipe. The find crack length is a = 3.26 mm. The axisymmetry of the problem dlows only for a
completely circumferentid crack to be modedled. The crack is redtricted to grow in the radid

direction. A physica growth mechanism can be dress corroson or fatigue. The chosen method of

sequentialy releasing the nodes aong the chosen growth direction gives a path dependent J-integrd.

Thisis smply because growth does not represent proportional |oading. When the crack reached its
find length, loads will be applied and as the loads are increased the J-integral becomes, from a
practica view, path independent.

3. A WELDED PIPE SUBJECTED TO A PRIMARY LOAD

31 The contribution from residual stressesto J and CTOD during axial loading

An axid tendle load was gpplied to the pipe both with and without resdua sress present. As the
axid load, which is a primary load, was increased in very smal steps the J-integrd and the CTOD
were cdculated. The limit load parameter L, is defined as P/P, where P is the applied load and P,
is the limit load. For P = Py the ligament is deformed plagticdly. In figure 3 the load-displacement
curve P - d is presented and Py is determined by the intersection of the two straight lines shown. The
displacement, d, is evaluated at the loading point The vaue of the limit load is found to be Py = 228
MPa. In thisway it is possble to define a limit load from the finite dement solution which in a sense
is more physcaly motivated than for example handbook solutions, where the materia is assumed to
behave dadtic perfectly-plagtic. ThisL, -solution is used throughout this paper. The solution obtained
from the handbook [4], which assumes that the material behave dastic perfectly-plagticaly, gives Py
= 162 MPa. The difference between these two definitions of Py is quite sgnificant. This can be
explained by the effect of hardening and by the way the von Mises criterion is fulfilled. The
introduction of a crack makes it possible for the stress components to redigtribute in such away that
the axia stress becomes greater than the yidd stress in the ligament, which is not dlowed for in the
handbook solution [4]. To demongrate the effect of this stress redistribution, the P - d curve for the
conddered materia with vanishing hardening, is dso shown in figure 3. The dagtic perfectly-plagtic
limit load is then found to be 192 M Pa.
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Our definition of Py is somewhat arbitrary. Other limit load solutions may be used and our results
may then be cdibrated accordingly by multiplying the L, scales in figures 4-9 by an appropriate
factor.

300 T T T T

250 g / ~

I
U

200 I 192 MPa

g
s 1 162MPa
— 150 .
o
100 - —a— Linear hardening ]
—— Hladtic perfectly plagtic
50 ]
0 | | | |
0 0.1 0.2 0.3 0.4 0.5
d [mm]

Figure3 Thedisplacement d of the end of the pipe is plotted againgt the gpplied load P at
the end of the pipe The point determined by the intersection of the two tangent
lines represents the limit point for excessveyieldingi.e when P=Py TheP - d
curve if the hardening vanishes is dso plotted. The corresponding limit load then
becomes 192 MPa The limit load solution, Py = 162 MPa, was obtained from
the handbook [4].

The following three graphs show the comparisons of J (figure 4), CTOD (figure 5), the reldive
contribution from resdua stressesto J and CTOD (figure 6), during axid loading.
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a) The J-integrd as a function of L,. The J-vaues are evaduated a the tenth

contour i.e. aring with aradius of nine eements from the cracktip.
b) J- L, resolved for load vauescloserto L, = 1.0.
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Figure5 @& TheCTOD asafunctionof L,.
b) CTOD - L, resolved for load values closer to L, = 1.0.
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Figure6 a) Therdative difference of J and CTOD with and without residual stresses.
b) Close up for better resolution for high L.
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The principa behaviour of the Jintegrd is as expected for primary loads. The curve in figure 4 is
essentialy composed of an dagtic part and a plagtic part with a steep dope, cf. Bergman [15] for a
review on differences between primary and secondary loads. The results of Kumar et d [16] are
quite smilar, though they used a thermd load as secondary load, see Appendix A for details and a
discusson of ther results.

An evauation of the case of combination of an axia load and resdua stresses according to the R6-
procedure is dso included in figure 4. The R6-procedure gives a dightly non-conservetive estimation
between L, = 0.95 and L, = 1.2. However it should be remembered that L, is not defined by a limit
load equal to 162 MPa as would normaly be the case in a tandard handbook solution, such as[4],
ingead a definition of the limit load equa to 228 MPa based on fully plagtic behaviour, as shown in
figure 3, is used. In Appendix D the corresponding results of figure 4, where L, is based on a limit

load equal to 162 MPa, are shown.

It is interesting to quantify the relaive contribution from the residud stresses during axid loading for
both the J-integral and the CTOD . In figure 6 the rdlative differences between J with both resdud
and axia stresses present, Jeomnined, @d J with only axid stresses present, Juia , @€ shown. The

same type of quantity formed with J replaced by CTOD , is plotted in figure 6. The CTOD could not
be evaluated for L, lessthan about 0.7 for the case with only axid loading despite the fine mesh. The

irregular behaviour for the case with both residual stresses and axia stresses present for L, less than
about 0.8 can be explained by path dependency of J a low axid load levels, which is a result of the
stress hitory due to crack growth. The close coincidence of the J-curves and the CTOD curvesin
figure 6 suggedts that the relaion in equation (4) holds. This suggests dso that J can be a possible
fracture parameter if the integration contours are not far from the crack-tip. However only an
experimenta investigation can give a definite answer to the question of whether J or CTOD can be
useful fracture parameters during this type of loading Stuation with residua stress- and srain-fidds
present. In Appendix B a short review is given on the specific problems encountered when residud
stresses are present.

The results support the experiments in ref. [5-9]. The contribution to the fracture parameters from
the resdud sressesis negligible for large L, as shown in figure 6b. The contribution from the residua

stresses decreases rapidly between L, = 0.8 and L, = 1.3. For L, = 1.3 the contribution of the
resdual stresses is 20% of the axia load contribution. For L, = 1.6 the contribution of the resdua
sressesis about 6% . An important observation is that this makes it essentid to have areliable vaue
for L, when plagtic failure occursi.e. when L, = LT™. In the present investigation the value of L, at
plastic collgpse can not be defined. This is due to the linear hardening material modd adopted (with
its bilinear representation). Reasonably closeto L, = 1.0 the results should be valid aso for other

type of hardening behaviour. However, the results should be viewed with caution if a quantitative
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conclusion isdesired. Thisis because the results are quditative in the sense that a particular geometry
and material model are chosen in this work.

The parameter d is shown in figure 7 for the load cases with and without residuad stresses. The non-
dimengona parameter d is defined through the relation, c.f. Shih et d [14],
J

CTOD =d—. (4)
S,

In [14], however, a Ramberg-Osgood materiad was consdered, which makes their results
quantitatively incomparable with ours.

0.3 I T T T

025 |- Sgl ; -

02 -

© 015 - -

—A— Axid load + residud stress

01T Axial load only ]

005 - -

Figure7 Thevaues of the non-dimensond parameter d asafunction of L. The parameter
d is defined according to equation (4).

The values of d in figure 7 for both the case with the resdua stresses present and the case with only
axid dreses, are scatered very little from the vaue 0.23. This means that a least in this
investigation the Jintegra is wel defined through equation (4) with d = 0.23. However remember
that for J evauated with remote contours the Jintegral seems definitely path dependent. Appendix B
provides a discussion of this problem. The reason for the cut-off a L, = 0.8 for the case of axia
loading only isthat CTOD could not be evauated even with the fine mesh used. The corresponding
cut-off for the case of both axid loading and residud stressesisL, = 0.25. In this case CTOD may

be undefined because of the crack growth prior to the gpplication of axid loading, see Appendix B.
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3.2 Relaxation of residual stresses dueto unloading

To invedtigate the effect of relaxation, severa unloadings were performed for the uncracked
geometry from different axid load levels, see figure 8. The stress digtribution aong the symmetry line
may Serve as an input in an engineering estimation e.g. a fracture assessment according to the R6-
procedure. It is not relevant to unload the cracked pipe since the J-integrd and the CTOD become
meaningless in this type of unloading Stuaions.

The resulting levels of the resdud stress digtributions, after unloading, decreases with increasing L,
and does not change for load levelslarger than L, = 0.8. For a circumferential surface crack, on the
indde of the pipe, not deeper than 40% of the wall-thickness, there will clearly be only very small
resdud stresses after unloading from a high level of axid load. The dress pesk of 80 MPa for the
case L, = 0.8 is located about 70% of the wall thickness from the inside of the pipe, through the
wall.

2007
100 epeeFFH _..1ﬁ
g iEfg)
s 0
U)N 100 —a— no unloading
] —<—1L, =04
—a— L, =0.66
2007 — e - =083
—+—1L, =13
-300- : ;
0 0.2 04

(r-r it

Figure8 The axid dreses a the symmetry line after unloading. The L,-values represent
the different load levels from which the unloadings were performed.

3.3 Different tangent modulus.

The choosen bi-linear kinematical herdening materid modd limits the analyses in two ways It can only
aoproximetely account for the more redlistic non-linear hardening behaviour of materias Secondly, a point
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of plagtic collgpse can not be defined, in our notation, this meens that no L7 exists This section
adresses those limitations.

In order to get some underganding of how these limitations affect condusions, a series of runs was
performed on the same pipe geometry. The materid modds were the same except for a different tangent
modulus, E-. Theresidud stresses, CTOD and J, the réelative differences,

(Jeompines = Jaxia)! Jaxial @ (CTOD ompines - CTOD,a)/ CTOD,4 Were caculated and the results are

showninfigure9 - 12,

Infigure 9 it can be seen that for E/E. = 0.0001, which is nearly perfectly plastic materia behaviour,
the resdud dresses atan the highest tensle dress levd. The sress digtribution changes shape
somewhat but the stress level does not change very much with different amount of hardening. Note
however that close to the indde of the pipe the stresses are fairly independent of the tangent
modulus.

vvvvvvv
E E ey ) Ay

Sz [MPd
o

1108
- -%--0014

o108 L —+t—0018
-310° | |
0 0.2 0.4 0.6 0.8 1
(r-r Ot
Figure9 Axid resdud dresses in the weld centerline for E; /E = 0.0001,

0.005, 0.01, 0.014, 0.018.

Thelimit load P, definition, with graphical determination, used in section 3.1 is not gppropriate here.
In order to compare J and CTOD using the same scdle, L, is defined as L, = P/PS® where P, is

the limit load used in R6 and in the handbook [4].
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For the same L, -vadue more pladticity is introduced with decreasing hardening. This is consstent
with the behaviour of the J - L, and the CTOD - L, curves, figure 10 - 11, which rise stegper with

decreasing hardening

The rdaive differences of J and CTOD, figure 12, vanishes a a higher rate the lower the hardening
is. For E/E; = 0.0001 there is no curve because L, does not get higher than L, = 1.25 because of

widespread pladticity.

The lowering of hardening has thus the effect of reducing the contribution from the resdud dressto J
or CTOD. In ared materid the same should occur as L, approaches L™ . This implies thet not

only does the contribution from resdua stresses decrease with increasng L, but that dso an
additionally decreasing effect due to decreasing hardening, should be taken into account for high L, -

vaues.
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34 The effect of using linear isotropic hardening in the calculation of J and CTOD

Although a very exact modd of the hardening behaviour during welding certainly would be very
complex, including both expanson and trandation of the yied surface in stress space, it is believed
that kinematic hardening models the plagtic behaviour better than isotropic hardening. To study the
effect of the chosen hardening moded, the J-integrd and CTOD were aso caculated assuming linear
isotropic hardening with and without weld residua stresses during axid loading of the pipe. It is seen
in figure 17 that the choice of hardening behaviour is important. When using isotropic hardening, the
stresses are unloaded close to the crack-tip during part of the loading history. Thisisreflected in the
negative J-values at L, = 1.25. In fact for L, = 1 it would be more favourable to include the resdud
stresses than not to include the resdual stresses. The trend for CTOD is the same. The results are
samilar to those of Hou et d. [2], who aso used an linear isotropic hardening model. In Appendix A,
the contribution of thermal stressesto J was studied. An isotropic hardening model was used, but the
corresponding J - L, curves do rather follow each other in the same manner as the kinematic
hardening modd in the case of resdua sresses. The behaviour seen in figure 13 can not be
observed in Appendix A. The explanation of this must be found in the way the residuad stresses and
thermal stresses are generated. The maor difference between resdua stresses and the therma
stresses used in Appendix A is that the resdua stresses are due to the residud srains left when all
thermd loading is gone, wheress the thermd load in Appendix A is active throughout the loading
history (epplied interna pressure). Also, no crack growth took place in Appendix A, which means
less load cycling. The resdud stresses are present only in the welding and nearby, while the thermd
stresses are ditributed in the whole pipe.
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4, A WELDED PIPE SUBJECTED TO A THERMAL LOAD

A therma load was applied to the pipe with a circumferentid surface crack both with and without
the residual stresses present. The thermd load was imposed by specifying a radiad temperature
digtribution in the pipe according to

T(r)=22.5- nsexp(r - ri)xgr_(iﬂ), (5)

which is presented together with the resulting axial stresses for the linear dadtic casein figure 14. As
the thermd load was increased in very small steps by increasing the value of the scaling parameter n
in equation (5), the JFintegrd and the CTOD were caculated. A limit load parameter can not be
defined for the type of secondary therma load used here since the pipe can not yield completely.
The thermd load a which the innermost fibre begins to yield may serve as a point of reference. This
occurs when

EabT _, 7 ©6)
(1' n)SY

where DI = 20°C - T, i.e. the difference in temperature between room temperature and the
temperature T a r = r; in equation (5).

The figures 10, 11 and 12 show the comparisons of J, CTOD and d respectively, for the different
temperaure digributions, shown in figure 14 a), with and without the resdua sress present. The
behaviours of J and CTOD are smilar. They are related through the non-dimensiona parameter d
according equation (4). In figure 17 it is shown that the vaue of d is 0.23, which is the same as
determined for the case of axia loading.

The loading curves for J and CTOD are very different from the corresponding curves for the pipe
subjected to an axia load. This is because the thermal load is secondary and cannot cause plastic
collgpse. There is dways a portion of the pipe cross section that does not yield. An important
consequence of this is that the contribution of the resdua stresses is gpproximatdy constant in
absolute terms during the increase of the thermad load. The smallest contribution of resdud stresses
isfound for low load levels. It must be remembered, however, that for low load levels the vaues of J
are lessrdiable because of the effect of crack growth prior to loading.
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Figure1l4 a) The temperature distribution according to equation (5) through the thickness

of the pipe.

b) The corresponding axid gtress distribution for the linear eastic case through

the thickness of the pipe.
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Figure17 The vaues of the non-dimensond parameter d as afunction of L,. The
parameter d is defined according to equation (4).

5. DISCUSSION

The main result of the present study is shown in figure 6. The relative contribution as defined in fig. 6
from the residua stressesto CTOD or J decreasesrapidly between L, =0.8and L, =1.3. For L, =

1.25 the relative contribution from the residual stresses is 20% compared to the axid load. For very
high L, -vaues the contribution becomes negligible. Thus, for the particular pipe studied the
contribution of the resdua stressesis negligible only for very high values of L,. However, because of
the linear hardening materia mode adopted (with its bilinear representation), plastic collgpse can not
be defined. This means that we do not know for a particular value of L., exactly how far the load is

from afully plagtic Stuation corresponding to true plagtic collapse.

In the work by Kumar et a [16] the contribution of a therma load to the J-integrd during a
mechanica loading has been studied. They concluded that therma loads can be neglected for high
mechanicd loads. In Appendix A a verification and extenson of ther result is presented. A
corresponding analyss made with a much more severe therma loading than in [16] showed that the
contribution to J from the thermd stresses can be significant dso for L, larger than 1. In this case, the
vaueof L, must be raised to more than 1.4 for the relaive contribution from the thermal stressesto

be small.



29 (40)

Green et a [6] proposed that resdua stresses need not to be included in fracture assessments of
audenitic gedsif L, islarger than the ratio of the 1% proof stress to the 0.2% proof stress. In the

present study this would correspond to an L, -value of about 1.1. The present investigation indicates
that thislimit should be larger, gpproximately L, = 1.3. If it can be shown that ingability in a ductile
materid occurs beyond this limit, the weld residua stresses may be ignored, at least for etimation of
the crack size or load at ingtability.

In our opinion grest care mugt be taken in the trestment of the contribution of welding residua

stresses or therma stresses in fracture assessments. The present results with proper smulation of the

weld-induced stresses do support the idea of giving weld resdud stresses a lower weight in a
fracture evauation if high primary loads are present. However, the limit of L, a which the rdative

contribution from weld residua stresses (or thermd loads) to CTOD or J is smdl enough, is likely to
depend on the particular materiad model, crack geometry and the shape and leve of the residua (or

therma) stress distribution. At present, there is insufficient evidence to make a generd quantitative

recommendation. A natura continuation of this work is therefore to extend the investigetion to other

crack geometries and material models.

6. CONCLUSIONS

If CTOD can successfully be used in fracture andyses of welded components, the conventiona
J-integrd seems aso to be a useful parameter in numerica anayses, for andysing welded
components. Thisistrue at least if J is evaluated for contours very near the crack tip in a refined
mesh.

For the studied case, the rdative contribution from the weld residua stresses to CTOD or J,
decreases rapidly for high vaues of L,. For L, = 1.25 the relaive contribution from the resdud

stresses is 20% compared to the axiad load. For very high L, -vaues the contribution becomes
negligible. This is beieved to be vdid quditativdly dso for other materid modds, crack
geometries and residual stress digtributions.

Theexact limit of L, a which the relative contribution from welding resdua stresses (or therma
stresses) to CTOD or J is sufficiently smdll to be neglected is likely to depend on the particular
materid model, crack geometry and the shagpe and leve of the resdud (or thermad) dress
digtribution. This conclusion is supported by the results in Appendix A where two different crack
geometries are dudied. To some extent this limit of L,, where the contribution from resdud
stresses becomes negligible, is aso depending on the definition of the limit load. Therefore, at
present there is insufficient evidence to make a generd quantitative recommendation.
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The contribution from residual stresses does decrease for high L, as shown in this sudy. A linear
kinematic hardening modd was used. However, in ared materid the hardening is non-linear and
E/E; decreases with L,. It was found, by varying the dope of the hardening curve, that an

additionaly decreasing effect on the contribution from resdud stressesto CTOD or J due to the
decreasing hardening, should be taken into account for high L, -vaues.

The choice of hardening modd is important. It is believed that kinematic hardening is a better
choice than isotropic hardening in low cycle smulations i.e. in a few-pass welding process, asin
the present study.

For the case of weld resdud stresses in combination with high therma stresses, it is found that
the pladticity induced by the therma stresses is not sufficient to suppress the influence of weld
residual stresses on CTOD or J, even for very high thermad loads.

The residud stresses can be relaxed by unloading from a primary tensile load. Unloading from a
load level corresponding to L, = 0.83 will result in dmost a complete relaxation of the weld

resdual stresses for the studied case.
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APPENDIX A. EPRI/GE'STREATMENT OF THERMAL STRESSES

Non-linear finite dement anayses have been performed on the contribution from therma stresses to
the Jintegrd under increasing mechanica loading. The geometries and some of the load cases are
those of Kumar, Schumacher and German [16]. The shorthand notation KSG will be used for ther
work throughout this Appendix. The von Mises yield criterion and associated flow rule is used
together with isotropic hardening and a bilinear representation of the dtress srain curve. The
geometrica and materid data are as follows:

Geometries: 1) A single edge notched tensgon SEN(T) panel with a/t = 0.25and t = 5.8 mm.

2 A cylinder with the dimengons a/t = 0.5, t =50.8 mm, R/t = 10 with a complete
circumferentia surface crack on the inside subjected to interna pressure.

Materids  sy= 414 MPa, E = 207 GPa, E/E;= 70.

The thermd loading was introduced prior to the mechanicd loading to high levels. The objective isto
study the contribution from therma stresses to the Jintegral as the mechanica loading increases. The
therma digtribution used in KSG varies with the distance through the thickness, X, according to

T(X) = & [93.33 + 195 (x/t) - 49 (x/t)7] (A1)

wherea =1 for the SEN(T) panel and a = 0.25 for the cylinder. In figure Al, i.e. the KSG casg, it
is observed that the thermd load is very low. Therefore more severe thermal |oad cases for both the
plate, equation (A2), and the cylinder, equation (A1), with a = 2 were studied.

T (x) = 1000 [ 4(x/t) - 6 (/)2 +3(x/t)3] (A2)

The results in KSG did not coincide with our results when the mechanicd loading was large.
However, with the hardening ten times higher than reported in KSG where E/E; = 7, i.e. E/E; = 70,

the results agree very well with our caculaions. It therefore, gppears that there isa misprint in KSG
and the hardening should be E/E; = 70. The same misprint was found aso for the cylinder. As a

consequence of these findings the hardening is set to E/E; = 70 in dl of the caculations performed.

The mechanica load levels are expressed in terms of the limit load parameter L. The definition of L,
for the cylinder and SEN(T) specimen can befound in Andersson et d [4].
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FigureAl a)-b) The J-integrd as a function of L, for the SEN(T) specimen with a/lW =
0.25 and sy = 414 MPa The thermd load is that of KSG, equetion (A1),

witha = 1.



35 (46)

800 | |
600 L —o— Tengon only N
—— Thermd eg. (A2) + tenson
£
é 400 .
)
200 .
0
15
a)
600 I I I I
450 |- —o— Tengononly i
—— Thermd eq. (A2) + tension
£
é 300 -
-
150 -
0 | | | |
0.9 1 11 12 13 14
L
r
b)

Figure A2. a)-b) The J-integrd asafunction of L, for the SEN(T) specimen with a/W = 0.25
and sy = 414 MPa The therma load isthe result of the temperature distribution in

equation (A2) which ismore severe than in figure A1.
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It can be observed in figure Al thet for L, larger than 1.1 the therma contribution is amogt zero. In
figure A2 a more severe thermd |oad was used and subsequently the contribution from the thermal
sressis more pronounced. The value of L, must be above 1.2 to be negligible. The J- L, curves for
the cylinder are presented in figure A3. The vaue of L, a which the contribution from the therma

stresses to the J-integral can be neglected is above 1.4. Thus the different geometries and thermd
loads used have a sgnificant influence on the L, -vaue a which the contribution from the thermd

load to J can be neglected. This is an important observation because this limits the ability to
recommend a specific vaue above which the contribution from secondary stresses (in this case a
therma |oad) to the Jintegral can be neglected.
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APPENDIX B. THE J-INTEGRAL AND THE CTOD ASFRACTURE PARAMETERS

The J-integral introduced by Rice [17] in 1968 was derived using a non-linear elastic material model
to account for pladticity (deformation theory pladticity). As long as the loading is monotonicaly
increasing and no unloadings occur, i.e. the loading is proportional, Rice' J-integrd is applicable dso
for incrementd plagticity modes. The J-integrals as a function of integration contours for a stationary
crack are shown for the axia load in figure B1 and for the therma load defined by equation (5) in
figure B2. The firg integration contour is the crack-tip itsdf, the second contour is the closest ring of
elements around the crack-tip and the third contour is the ring of dement closest to the second
contour and s0 on. In the figures B1-B2 it is shown that the J-integrd vaues are farly path
independent for the stationary crack.

The welding process causes a highly non-proportiona load Stuation. Thus the J-integrd is not
applicable for a crack experiencing loading during a welding process. Instead we have considered a
crack which has grown subcritically (IGSCC or fatigue) influenced by the resdual Siresses after the
completion of the welding process.

The growth of a crack is a non-proportiond load stuation and the J-integrad becomes path
dependent. Furthermore the crack opening profile of a quasgtaticaly growing crack is very different
from a stationary crack, c.f. Drugan, Rice and Sham [18], which makes it practicdly impossble to
measure CTOD. After the crack has stopped an axid tendle load is gpplied. During the loading a
plagtic redistribution of stresses may occur in the regions with weld-induced strains, this redistribution
islikdy to result in a non-proportiond load Situation, giving a meaningless J-integrd.

However, the path dependency, whether it originates from the crack growth or the redigtribution of
stresses, may become aminor disturbance when sufficient monotonic load (thermd or mechanicd) is
applied to the sationary crack. This seems to be the case when a kinematic hardening mode is used.
For the isotropic hardening model, however, the redistribution of stresses has a substantia effect dso
at late stages in the loading history. The crack-tip even experiences unloading at a certain stage, see
figure 17.

It can be observed in the figures B3 and figure B4, that even for quite high load levels, the J-integra
becomes strongly path dependent from about contour number 20. On the other hand J seems fairly
path independent for contours within contour number 20. It is only for very large load levels that J
becomes practicdly path independent for al contours. CTOD was evauated as described in
Appendix C and J was evaluated for the tenth contour throughout this paper. A relation, equation
(4), between J and CTOD was established, The correlation betweenJ and CTOD remained
approximately constant as the axia load was increased, as can be seen infigure 7.
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An explanation of the path dependence of J for contours a certain distance away from the crack-tip
may be connected to the way the J-integrd is cdculated in ABAQUS [12], where initid strains and
srain-induced residua stresses are not considered. However, ABAQUS takes into account
thermaly induced stresses when calculating the J-integral. The problem in our case is that the crack
is not present during the welding process, in other words ABAQUS cannot take into account
thermally induced strains that was produced before the crack was introduced. This can be one part
of the explanation why the J-integrd is path independent within contour 20, which is lessthen 1 mm
from the crack-tip. Within that distance, the sngular stress fiddd dominates the resdud stresses. Thus
the contribution of the resdua stresses to the J-integral becomes smdl and the J-integrd calculated
in ABAQUS becomes path independent.
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FigureB2 The J-integra vauesfor 33 different contours of integration for the pipe subjected
to thermd loading only according to equation (5).
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FigureB4 The J-integrd vaues for 33 different contours of integration for the welded pipe

subjected thermal |oading according to equation (5).
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APPENDIX C. CTOD EVALUATION IN POWER LAW MATERIALS

The four noded and the eight noded plane stress eements were compared. The materid properties
are described by a Ramberg-Osgood materid with n = 5, see figure C2. The geometry modelled
was a sngle edge notched tenson SEN(T) pand with a/W = 0.5 and W = 7.1 mm. The maximum
load level was about 1.2 timesthe limit load i.e. Prex = 1.2 Pgy. Very smal eements were needed to
resolve CTOD properly. Typicdly the sde of the smallest eement 10 needs to be of the order of a
few 10° mm.

The figures C1-C2 are showing the results of the andysis. Table C1 shows the most interesting
results from the two andyses. CTOD is evauated using the undeformed distance from the crack-tip.

TableC1
P/Pg J |cToD dy lo  |cTOD
[KN/m] | ] [ l
4-noded dement 10 | 901 |00070 |031 | 00018 | 3.9

1.18 | 15.05 |0.0124 0.33 0.005 2.5

8-noded dement 1.0 8.95 |0.0070 0.31 0.003 2.3
123 |17.76 |0.0140 0.31 0.005 2.8

The non-dimensiond-parameter dn [14] in the table is determined by

CTOD =d,
S

Y (C1)

where s, isthe uniaxid yield stress. The d, values for 8-noded e ement corresponds better with the
HRR vaue 0.31 for n=5. Also the convergence of solutions is better for the 8-noded elements.

On the basis of results of this andlys's, it was decided to use 8-noded finite e ements with an element
size close to the crack-tip of afew 10 mm in order to resolve CTOD to a reasonable degree.
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FigureC1 The crack opening profile for SEN(T) with /W= 0.5 and W= 7.1 mm moddled
with a) 4-noded and
b) 8-noded plane stress elements.
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FigureC2 TheHRR field compared with 4-noded and 8-noded elements.

APPENDIX D. A HANDBOOK-BASED LIMIT LOAD DEFINITION

The definition of the limit load is to some extent arbitrary. The J-integra caculated using the R6-
method is dependent on this choice. Figure D1 shows the J-integral as an increasing axid tendle load

was gpplied to the pipe both with and without resdua stress present. The limit load is chosen to
have avaue of 162 MPa. It is seen that in contrast with the result of Chapter 3, where Py = 228

MPa, the R6-procedure gives consarvative resultsfor dl valuesof L,. In figure 3, it is shown that at
P = 162 MPathe ligament is mainly deformed eagticaly, which indicates that it does not represent
the true plagtic collgpse solution. The reason for thisis that in the limit load solutions used in standard
handbooks, such as[4], the limit load is obtained when the axial stresses equals the yield stress sy in

the ligament.
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FigureD1. @ TheJ-integrd asafunction of L.
b) J - L; resolved for load vaues closer to L, = 1.0. The L,-definition used is
based on the handbook solution [4], Py = 162MPa, rather than Py = 228
MPa, which is the limit load used in Chapter 3 and Appendix B



