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FINITE ELEMENT SIMULATION OF CREEP CRACK GROWTH IN
WELDED PIPES AND CT SPECIMENS

Lars A. Samuelson, Peder Andersson and Peter Segle
SAQ Kontroll AB, P.O. Box 49306, SE-10029 Stockholm, Sweden

ABSTRACT
Creep damage and creep cracking in high temperature pipes and

pressure vessels predominantly occur in the weldments, caused by the
mis-matching in material properties. Mis-matching may lead to
locally reduced material strength, but it also induces stress
concentrations which develop due to variations in creep strain rates.
It is not possible to determine this creep induced stress enhancement
through testing. Numerical simulations are required to gain full
insight in the structural behaviour.

In the present investigation, FE-simulations of a pipe with a
circumferential weld under internal pressure and additional axial
forces are carried out. The pipe contains a crack located in the HAZ.
The analyses yield the creep strain rate and stress distribution in the
structure, the C* value and the value of the constraint parameter h
ahead of the crack tip. The creep crack growth rate times the creep
ductility, dsf , is numerically calculated by use of the creep strain

'e perpendicular to the crack plane ahead of the crack tip and the
^-cdnstraint parameter h. The results obtained in the FE simulations

indicate that it should be possible to use CCG test results from cross
weld CT specimens in assessment of defected welded components.

^.TRODUCTION
The problems with creep cracking and creep damage in

weldments of high temperature pipes and pressure vessels are being
given an increasing interest. Samuelson et al. (1994) have described
premature creep cavitation and creep cracking in or in the vicinity of
welds and Segle (1998) has investigated the effect of load level, the
material properties and the geometry of the weldment on the creep
behavior of a welded component. Experiments on creep crack growth
in cross-weld CT specimens, see Fig. 1, are discussed by Saxena et al.
(1998), where the need for new theories on the integrity of structural
welds is emphasized in order to explain the change of growth plane,

which occassionally occurs. Several factors influence the behavior of
a creep crack in a weldment and a life assessment is complicated.
Nevertheless, there are comprehensive but practical assessment
procedures available which can be used for engineering purposes,
(Ainsworth, 1996), and some are under development (HIDA, 1995).
Of course, instead of using these more extensive procedures, the
theories and expressions described by Webster and Ainsworth (1994)
or Budden and Ainsworth (1996) can be consulted.

The assessments depend on materials data such as minimum
creep strain rate and ductility as well as creep crack growth laws.
Most of these data are collected from laboratory creep crack growth
tests of CT specimens cut out from components. For laboratory creep
crack growth testing of homogeneous CT specimens, the ASTM E
1457 (1992) standard test method is available. For creep crack
growth testing of cross-weld CT specimens there is however no
standard available yet. Despite the fact that the influence of stress
state and specimen size on creep rupture for small-scale cross-weld
tension specimens has been investigated (Kussmaul et al., 1993), very
little has so far been published on cross-weld CT specimens.

Within a project sponsored by the European Commission, a
draft Code of Practice is currently being developed (SOTA, 1995).
The numerical simulations performed within the project reveal that
the creep crack growth rate in a cross-weld CT specimen depends on
the differences in material properties of the weldment constituents,

* the starter notch location in the HAZ and the specimen size (Segle et
al., 1998a and 1998b, Andersson et al., 1998). Furthermore it is
recommended that numerical simulations are performed before
laboratory testing takes place in order to select relevant testing
parameters (Andersson et al., 1998).

INPUT PARAMETERS
The purpose of the present investigation is to demonstrate the

possibility to apply CT fracture mechanics test data to defected



components and, in particular, components with welds. Samuelson et
al. (1994) showed that variations in .material properties within a
weldment cause stress concentrations due to creep and may lead to
serious reductions in the creep life of the component, see example in
Fig. 2. Several parameters will influence the long term behavior of
the component/weldment. In order to develop results systematically,
this investigation is limited to a study of creep crack growth in the
HAZ of a matched weld where the HAZ is either creep soft or creep
hard, compare Fig. 3. The influence of variations in creep properties
of the weld metal on the state of stress and the creep crack growth
behavior remains to be investigated.

FINITE ELEMENT ANALYSIS OF PIPES AND CT
SPECIMENS

The ABAQUS (1996) finite element code is used for the
simulations. The 2D 8-node biquadratic plane strain element CPE8R
is used for the CT specimens and the axisymmetric element CAX8R
is used for the pipe. The crack tip is modeled with a radius of 0.01
mm and large strain and displacement theory is utilized. Furthermore,
the creep simulations are performed long enough to consider the
stress and strain rate redistribution.

Geometry of pipe and CT specimen
In Fig. 3, the geometry of the circumferentially welded pipe with

the crack located in the HAZ and the cut out CT specimen are shown.
Tie pipe weldment and the cross-weld CT specimen consist of parent

^-rhaterial, weld metal and a heat affected zone, HAZ. The crack is
assumed to grow within the HAZ with the crack plane parallel to the
interface between the HAZ and the parent/weld metal. The inner and
outer radius of the pipe are 200 mm and 240 mm, respectively, and
'he depth of the crack is 10 mm, i.e. one quarter of the wall thickness.

v_J i e width of the HAZ, H, is chosen as 2 mm. The geometry of the
CT specimen is selected according to the ASTM E 1457 standard
(1992) with a width, W, of 25 mm and a ratio between the depth of
the crack and the width, a/W, of 0.5. The crack is located in the
centre of the HAZ, why the ratio between the distance from the
parent material-HAZ interface to the crack and the width of the HAZ,
L/H, is 0.5.

Material properties

The material properties of 2.25CrlMo at 550° C are chosen for
both parent and weld metal. The constitutive equation, considering
elastic and creep response, is given by

u 1+v
dt

(1)

where e^ and Sjj are the strain, stress and stress deviator tensors

respectively and a is the von Mises stress. The constants in (1) are
given in Table I. The material properties of the weld metal and the

Tent material are kept constant throughout the simulations while the
-.material properties of the HAZ are being varied.

Loading
In all simulations, the loading is selected such that the stress

intensity factor Kx becomes equal to 20 MPaVin . For the pipe, the
loading is varied so that it consists of either an axial load or a
combination of an axial load and an internal radial pressure. The
axial stress is 85.4 MPa and the internal pressure 25 MPa. One
purpose is to investigate the influence of the overall loading
conditions on creep crack growth.

Calculation of C*
The C* integral can be evaluated with the finite element code

according to the definition

c = (2)

where W^ is the deformation work rate density, Tf is the outward

traction vector on ds, u( is the displacement rate vector at ds , x and

y are coordinates in a rectangular coordinate system and finally, ds
is the increment on the contour path T. For many engineering
applications, it may be practical to use approximate methods to
evaluate C*. One such approximate expression is according to
Webster and Ainsworth (1994) given by

approx (3)

where B and n are defined in equation (1), K^ is the stress intensity
factor and <rref is the reference stress. In the present study the

expressions for the C* integral given by (2) and (3) will be evaluated
for comparison.

Calculation of creep crack growth rate
The creep crack growth rate may be evaluated in a number of

different ways. For engineering applications the following
approximate expression given by Webster and Ainsworth (1994) can
be used

as{= 1.65e.-1.5A
(4)

where £f is the uniaxial creep ductility, n is defined in equation (1)

and h is the constraint parameter defined as

3a
(5)



where <Tj, CT2, <r3 are the principal stresses and a is the von Mises

stress. A finite element analysis most probably has to be performed to
calculate the value of h ahead of the crack tip, since it is generally not
given. Alternatively, if plane strain or plane stress prevails, the
denominator in equation (4) is set to 1/50 or 1 respectively (Webster
and Ainsworth, 1994).

In the present study, the creep crack growth rate is described by
a creep ductility based damage model ir which the accumulated uni-
axial creep strain in a material element in front of the crack tip is
considered. For the theoretical modeling, consider the crack tip with
its creep process zone of accumulated creep damage as a static entity
and the material in front of it as moving towards the crack tip at a
constant velocity - a , see Fig. 4. As this material element is moving
through the damaged zone, the accumulated uni-axial creep strain in
the element is given by

As the element approaches the crack tip, the accumulated uni-axial
teep strain in it approaches the uni-axial creep ductility, i.e. as

, r -> 0 . Hence,

:=4 J
a 0

dx, (7)

where the last equality is due to Rice and Tracey (1969). £f2
 i s * e

creep strain rate perpendicular to the crack plane ahead of the crack

tip, taking the multi-axial stress state into account. I.e. ££2 is the

creep strain rate perpendicular to the crack plane calculated in the 2D
finite element simulations. Accordingly, the creep crack growth rate
can be expressed as

6 1.65e-\5h
dx. (8)

NUMERICAL RESULTS
Table 2 summarizes the results of the FE simulations and

approximate analyses. The evaluations of characteristic values are
•vrried out after 100, 500 and 1000 hours for creep constants

W=3.0-10- 1 6 , B=3.0-10-17and 5=3.010"18 respectively.
Approximate expressions for C* were calculated according to
equation (3) for the pipes under axial load only since the limit load
and consequently the reference stress for biaxially loaded
components were not available.

MJ/m2h (pipe, biaxial load), C*=1.53-1(T5 MJ/m2h (CT-
specimen), as shown in Fig. 5 for £=3.0-10~17. Finally, the
approximate value calculated according to equation (3), is given by
C*=5.610~5 MJ/m2h. Although the stress intensity factor for an
axially loaded homogeneous pipe with B=3.0-10"17 is equivalent to
that of the CT specimen, the C* values differ by a factor of 2.26.
Similarly the difference between the C* value for the biaxially loaded
pipe and the CT-specimen is almost a factor of ten.

The value of C* is directly proportional to B in Norton's law
provided the pipe material is homogeneous. CT-specimens
manufactured from material corresponding to the creep hard and
creep soft HAZ constituents would thus feature C* values 10 times
lower and 10 times higher than those of the parent material, compare
Fig. 5.

When a crack is propagating in a narrow HAZ with material
properties that differ from that of the base (and weld) metal, an
influence on the value of C* should be expected. Pipe and CT-
specimen analyses for creep soft and creep hard 2 mm HAZ gave the
results shown in Fig. 6. Although the mis-match between HAZ and
parent/weld is a factor of 10 in creep strain rate, the C* values for the
two mis-matched pipes differ only by approximately 15 per cent from
the value for the homogeneous pipe result, S=3.0-10"17. The C*
results obtained for the heterogeneous CT-specimens are similar to
those obtained for the corresponding pipe, Fig. 6, but the differences
in comparison with the homogeneous CT-specimen, Fig. 5, are
higher, typically 50-80 per cent for CT-specimens with 2 mm HAZ.
Results, presented by Segle et al. (1998a), included in Fig. 6 for mis-
matched CT-specimens with 5 mm HAZ width show that increasing
the width of HAZ brings the results closer to those for corresponding
homogeneous specimens. These results show that not only the
material creep properties but also the geometry of the weldment
constituents have a strong influence on the results. Since the
differences in C* values are significantly higher for the CT-
specimens than for the pipe components, it is clear that additional
information is required in assessment of the CCG rate. In fact this
additional information is provided by the constraint parameter h.

Approximate methods available for evaluating C* have been
developed by Webster and Ainsworth (1994). The procedure given
by Ainsworth (1996), HIDA (1995) and Webster and Ainsworth
(1994), see equation (3), was applied to the present component
geometries, yielding the result C*=5.6I0~5 MJ/m2h for a
homogeneous pipe with 5=3.0-10~17. This result appears to be
conservative in comparison to the C* value calculated for the CT
specimen, but unconservative for the biaxially loaded pipe, see Fig. 5.
For homogeneous components of materials corresponding to creep
hard or creep soft HAZ respectively, the C* values are again
proportional to the B value. The approximate procedures available do
not, so far, include the influence of material mis-matching on the C*
value.

C* results
Results obtained for homogeneous components were

C*=3.47-10-5 MJ/m2h (pipe, uniaxial load), C*=1.47-1(T*

CCG results
The 'direct' approach to the evaluation of the creep crack

growth rate as given in equation (8) yields the results shown in Fig. 7
as the CCG rate multiplied by the uniaxial creep ductility of the



material in which the crack is propagating. The results resemble the
C* values shown in Fig. 6. However, the CCG rates appear to show a
much stronger influence of material mis-matching and HAZ geometry
than is found in the C* results.

In Fig. 8, a e{ is plotted versus C* for the CT specimens and

the pipe weldment configurations. Straight lines are drawn through
each of the data points corresponding to the homogeneous
CT specimen and the two homogeneous pipe weldment
configurations. The slope of each of these straight lines is given by
the exponent nln+l of equation (4).

If the homogeneous CT specimen, J?=3.0-10~17, would be
loaded to the same C* value as the heterogeneous creep-hard
CT specimen (S=310~18 in HAZ), the creep crack growth rate times
the ductility would be higher in the homogeneous specimen than in
the heterogeneous one. On the other hand, if the homogeneous
TT specimen would be loaded to the same C* value as the

^-heterogeneous creep-soft CT specimen (B=310~16 in HAZ), the
creep crack growth rate times ductility would be lower in the
homogeneous specimen than in the heterogeneous one.

In the present study, the dependence between a £{ and C* has

ot been investigated for the heterogeneous pipe weldments and for
s—the heterogeneous CT specimens, though it is nicely that their relation

could be described with a similar expression as (4). For the sake of
argument, we will assume that equation (4) describes the dependence
between a £{ and C* for the heterogeneous specimens as well as for

the homogeneous ones, and further that the exponent is
approximately the same as for the homogeneous specimens, i.e.
n/n+1. Then, the creep crack growth rate times ductility can be read
from Fig. 8 for different values of C* for the heterogeneous
specimens. In doing this, Fig. 8 tells us that for a given value of C*,
the creep crack growth rate times ductility is predicted to attain a
slightly higher value for the CT specimens than for the pipe
weldments from which they are cut out, regardless of whether the
pipe is loaded uniaxially or biaxially. In fact, Fig. 8 shows that the
value of a £{, under constant C*, will be approximately the same for

a certain pipe weldment, regardless of whether it is loaded uniaxially
or biaxially.

DISCUSSION AND CONCLUSIONS
In the present numerical study, differently mis-matched cross

weld CT specimens and cracked circumferential weldments, loaded to
the same Kj value are investigated with respect to the C* value and

CCG rate multiplied by the uniaxial creep ductility. The results
show that for the configurations studied, the C* values obtained for
the CT specimens are significantly lower than those obtained for the
corresponding uniaxially loaded pipe weldments. The differences are
even larger when comparing CT specimen and biaxially loaded pipe
weldments.

If the comparison is, instead, based on equal C* values, it is
found that the CCG rate times the uniaxial creep ductility is slightly
higher for the CT specimens than for the pipe weldment from which
they are cut out, regardless of the overall loading conditions of the
pipe weldment. These results indicate that it should be possible to use

CCG test results from cross weld CT specimens in the assessment of
defected welded components.

The present study further shows that the approximative
expression of C*, given by equation (3), is only suitable for
homogeneous materials. For the uniaxially loaded homogeneous pipe
weldment the approximative C* is of the same order of magnitude as
the FE-values of C* for both the pipe weldment and the
CT specimen. For the heterogeneous pipe weldments the
approximative C* can differ an order of magnitude from the FE-
values of C* for the pipe weldments and the CT specimens. This
implies that the properties of the weldment constituent with the
highest deformation rate should be used when calculating the
approximative C*. This is in agreement with the R5 procedures
(Ainsworth, 1996).

In order to ensure good test results, numerical simulation of the
creep crack growth in both the CT specimen and the pipe weldment
from which it is cut out should be performed. By calculating both C*
and the expression of a s{, given by equation (8), taking the

constraint ahead of the crack tip into account, an indication is
obtained whether the laboratory CCG testing of the cross-weld
CT specimen will yield results representative of the pipe weldment.

The present results indicate the applicability of CCG test results
in assessment of CCG in defected welded components provided C*
and the constaint parameter h are used as reference. Due to the
complexity of the problem, the scope of the investigation had to be
limited, and several additional aspects need to be studied. These
include mis-matching of parent and weld filler material creep
properties, geometry of the welding constituent zones and the
influence of welding residual stresses.
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TABLE 1. MATERIAL CONSTANTS.
Constant

B

n
E(MPa)

n

PM/WM

3.0-10~17

5.7
150 000

0.3

Creep-soft HAZ

3.0-10"16

5.7
150 000

0.3

Creep-hard HAZ

3.0 -10"18

5.7
150 000

0.3

TABLE 2. SUMMARY OF THE RESULTS OF THE FINITE ELEMENT SIMULATIONS.

Creep
constant
B
for HAZ

3.0-10"16

3.0-10"16

3.0- 10~ n

3.0-10~17

3.0-10"18

3.0-10"18

Pipe
Pipe
loading
(MPa)

Axial+
Internal
pressure
Axial

Axial+
Intemal
pressure
Axial

Axial+
Internal
pressure
Axial

C* (MJ/m2h)
calculated
with FEM

1.65-10"4

42 -10"5

1.47-10"4

3.47-10"5

1.27 • 10"4

3.14 • 10~5

de{ (mm/h)

according to
eq(8)

4.71-10"3

1.83 10~3

5.68-lO"4

2.37-10"4

<pprox (MJ/mii)
according to eq
(3)

5.6-10"4

5.6-10"5

5.6-10"6

CT specimen
C* (MJ/m2h)
calculated
with FEM

2.74-10"5

152MO"5

1.06-10"s

de{ (mm/h)

according to
eq(8)

2.0 10~3

35-10"^

1.3-10"4



3.0 10"18 3.14 1Q-5 | 2,37-10"4 1 5.6-10~6 1.06-10"5 13-KT

Pipe weldment

Cross-weld CT specimen

Fig. 1. A cross-weld CT specimen is cut out from a pipe weldment. PM, WM and HAZ denotes the
parent material, weld material and heat affected zone of the pipe weldment, respectively.
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Fig. 2. A circumferential weldment subjected to internal pressure and an additional axial stress due
to system loads. The nominal hoop stress is 110 MPa and the nominal axial stress is 75.33 MPa.

The axial stresses after creep redistribution are displayed in the plot and the maximum axial stresses
appear at the outer surface of the pipe, at the interface between the parent material and the HAZ.
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Fig. 3. a) Pipe weldment with a crack in the HAZ. The loading consisting of an internal pressure and
an axial stress are shown as well. The boundary conditions are also displayed, i.e. the lower edge of
the pipe weldment is restricted to move in the radial direction only, b) CT specimen cut out from the

pipe weldment. The details of the FE-mesh at the crack tip are identical for the pipe weldment and the
CT specimen and are displayed above the CT specimen.

Fig. 4. The creep crack growth is described by a creep ductility based damage model. Creep damage
is accumulated ahead of the crack tip within a zone with the width re The creep crack is assumed to

move at a constant speed a.
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Fig. 5. The C* integral calculated in the FE-analysis for the uniaxially and biaxially loaded homogeneous
pipe, for the homogeneous CT specimens and the approximate C* solution for the uniaxially loaded pipe.
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Fig. 6. The C* integral calculated in the FE-analysis for the uniaxially and biaxially loaded pipes

(homogeneous for 310"17 and heterogeneous for B= 3 1O~" and 3 10"18) and for CT specimens

(homogeneous for 3 10"17 and heterogeneous for S= 3-10"16 and 3 10"18) with a HAZ width of 2 or
5 mm. The results for the CT specimen with 5 mm HAZ are presented by Segle et al. (1998a).
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Fig. 7. The creep crack growth rate times the uniaxial creep ductility, ae,, calculated in the FE-

analysis for the uniaxiaily and biaxially loaded pipes (homogeneous for 3 10~17 and hetero-

geneous for B= 3-10"16 and 3 10"w) and for CT specimens (homogeneous for 3 10"17 and

heterogeneous for B= 3 • 10"16 and 3 • 10"18) with a HAZ width of 2 mm.
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Fig. 8. The creep crack growth rate times the uni-axial creep ductility versus C for the CT specimens
and for the six pipe configurations.


