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Abstract The finite element method (FEM) based on ductility
exhaustion damage model was used to investigate the effects of
heat-affected zone (HAZ) widths on creep crack growth (CCG)
properties for the compact tension (CT) specimens with pre-
crack located in the middle of softer and harder HAZs under
the same initial load level. The results show for the welded joints
with softer HAZ containing crack that the creep rupture life
increases and CCG rate decreases with increasing HAZ width
due to the decrease of material constraint effect. For the welded
joints with harder HAZ containing crack, a second crack in soft
material near interface generally forms, and the rupture life is
mainly determined by the initiation time of the second crack.
The CCG length in harder HAZ increases with increasing
HAZ width. There exist proper widths of the harder HAZ which
have the longest rupture life due to the lower stress triaxiality and
later initiation of second crack in soft material near interface. The
CCG properties of HAZs may be improved by adjusting HAZ
widths and its creep properties by adopting proper welding
methods or process. The HAZ widths and mismatches in creep
properties should be fully considered in creep life assessments for
the welded joints.
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1 Introduction

For defect-free welded joints at high temperature, the nucleation
and propagation of voids and final type IV cracks generally
occur in heat-affected zone (HAZ) due to the multiaxial stress
state caused by the material constraint effect between weldment
constituents and high creep deformation of soft HAZ [1]. Many
experiments and theoretical evidences have been conducted to
suppress type IV crack and increase the creep strength of
welded joints both from microstructure approaches [2, 3] and
mechanical approaches [4—6]. One of the effective methods was
changing the HAZ width through employing different welding
methods or processes [6-9]. Such as, the creep rupture life of
electron beam (EB) and laser welds with narrower HAZ width
is much longer than that of gas tungsten arc (GTA) welds with
larger HAZ width for the unaxial tension welded joints at the
same unaxial stress, and the fracture process and mechanism
were also different for GTA welding and EB or laser welding
due to the different distributions of stress triaxiality and creep
strain in HAZs [6, 7]. Other evidences also show that the creep
rupture life increases with decreasing HAZ width due to the
lower equivalent creep strain accumulation for the narrower
HAZ welds [8].

However, the cracks may inevitably be produced, and they
may exist in different weldment constituents randomly or oc-
cur at any positions with different distances from the initial
crack plane to the interface between different materials during
the process of manufacturing, heat treatment, or in service. On
the other hand, the different widths of weldment constituents
will be produced for different welding methods or processes.
The multiaxial stress and strain fields ahead of crack tip of
initial crack plane and near the interface between different
materials play an important role on creep crack growth
(CCQG) properties [10—12], and the different widths of the
materials (such as HAZs) containing the original crack or
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Fig.1 The geometry and dimensions of the CT specimen of welded joint
[11]

the different distance from initial crack plane to the interface
between weldment constituents may lead to different multiax-
ial stress states around cracks due to the different material
constraint effects, thus leads to different creep failure behavior
and fracture properties. Such as, Tabuchi et. al [7] found that
the rupture life of the EB welding with 0.5 mm HAZ width
was much lower than that of GTA welding with about 2.7 mm
HAZ width for P122 welded joints of compact tension (CT)
specimen with pre-crack lying in the middle of HAZ at the
same initial load level (this behavior is different from the
defect-free welded joints). The metallurgical observation also
showed that the crack located in the middle of weld metal
(WM) may develop as the type IV crack due to high material
constraint caused by the hard and narrow WM produced by
the EB welding for P91 welded joint [13]. Similarly, a second
crack also formed in the type IV region when the crack located
in a hard base metal (BM) with a small distance from the
initial crack plane to HAZ/BM interface for P122 welded
joints [14]. All the above results show that the different widths

Fig. 2 The FE model of the CT
specimen of welded joint with
3.2 mm HAZ width, a meshes of
whole model, b local meshes
around the crack tip and interfaces
of HAZ/BM and HAZ/'WM
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of the materials containing the crack or the distances from the
initial crack plane to the interface between different materials
affect the CCG properties. For accurate life assessment, safety
design, and providing suitable guidance for welding process-
es, it needs to investigate and understand this width effect on
CCG behavior and creep fracture properties.

In the previous study of authors [12], it was found that
when the zone containing the crack is softer than at least one
of'the other two surrounding materials or both, the creep crack
propagates straight along the initial crack plane. Otherwise, it
will form a second crack in the soft material near interface, and
the time propagating in original hard materials determined the
rupture life. Thus, in this paper, the finite element method
(FEM) based on ductility exhaustion damage model was used
to investigate the effects of HAZ widths (the distance from
initial crack plane in HAZ to the interface between different
materials) on CCG properties for the CT specimens with pre-
crack located in the middle of softer and harder HAZs. The
stress state, creep damage around cracks, rupture life, and
CCQG rate were calculated and analyzed, and the creep life
assessment and design for welded joints were discussed.

2 Finite element models and numerical procedures
2.1 Finite element models

For investigating effects of the HAZ widths on CCG proper-
ties, the CT specimen of welded joints was used for the FE
analyses with ABAQUS code [15], which consists of three
materials, i.e., BM, WM, and HAZ, and the HAZ width was
changed. The geometry and dimensions of the CT specimen
are shown in Fig. 1. The width W of the specimens is 50.8 mm,
and the initial crack length a, is 26.4 mm (a,/W=0.52). The
width of WM is 20 mm, which is consistent with that of the
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Table 1 Different configurations in creep properties of weldment
constituents
Group Configuration MFyaz MFyw
1 1 10 1

2 20 1
2 3 1 5

4 1 10

5 1 20

experiments in Ref. [11], and the width of HAZ was changed
from 0.5 to 8.0 mm. A sharp crack tip with 0.009° angle was
used to represent the fatigue pre-crack and located in the mid-
dle of HAZ. The load was applied on the center of the upper
hole using a reference point which was tied to the internal hole
surface that represents the bolt in the experiments. The center
of the upper hole was constrained in X-direction, and the
center of the lower hole was constrained in X- and Y-direc-
tions. The mesh dependency in the CCG simulations has been
analyzed in the literature [16, 17], and the results show that the
smaller mesh size gives larger load line displacement and
crack length for a given time, but the da/dt-C* data for differ-
ent mesh sizes are very similar on log-log scale. These results
imply that the CCQG rate is not sensitive to mesh size. There-
fore, the fine meshes with size of 50 x50 um were distributed
around cracks, and the four-node plane strain element (CPE4)
was used for all FE models. The whole and local meshes for
the typical specimen with 3.2 mm HAZ width are shown in
Fig. 2, and the FE model contains 32,534 elements and 32,749
nodes.

2.2 Materials and configurations in creep properties
of weldment constituents

The American Society of Mechanical Engineers (ASME)
grade P92 steel was chosen for BM at 650 °C. At higher C*
and plane strain condition, plastic deformation can relax
crack-tip stress and reduce CCG rate [16, 18], and the plastic-
ity needs to be included in the CCG simulations. Thus, the
elastic-plastic-creep material model was used in the FE
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calculations. The elastic modulus £ and yield stress o,, of the
BM is 85GPa and 126MPa at 650 °C, respectively [18]. The
plastic behavior is represented by the following equation [19]:

o=cla+e,)" (1)

where ¢, a, and « are constants (c=162, a=0.32x 10_2, a=
0.105), and ¢, is true plastic strain. The elastic modulus and
plastic behavior for WM and HAZ are assumed to be the same
as those of BM. For the sake of simplicity and changing creep
properties easily, the Norton’s law was taken as creep consti-
tutive equation for the three materials as follows:

ep = Apd™, ew = Aw0"" | enaz = Anazo™* (2)

where Ay, Ay,and Az are creep constants, and 7y, 1y, andn-
Haz are creep stress exponents for BM, WM, and HAZ, re-
spectively. The Norton’s parameters (4, =3.77E—19 MPa "h” ",
n,=6.71) for the ASME grade P92 BM at 650 °C were used
[18]. For investigating the effects of HAZ widths on CCG prop-
erties under different mismatches in creep properties, different
configurations in creep properties of weldment constituents were
designed. For WM and HAZ, the mismatch factor MFy, (4,/4y)
and MFyaz (Auaz/Ay) were defined by varying the constant A
and keeping the exponent ny,=nyaz=n,=06.71 to represent the
difference in creep strength relative to BM, respectively, which
was corresponding to Ref. [12]. Five different configurations
(Table 1) of MFy, and MFy4 were designed to investigate the
effects of HAZ widths on CCG properties under the same initial
load level (stress intensity factor K = 10 MPa./m. For under-
standing the effect of the strength of the zones containing initial
cracks on CCG behavior, the configurations included the condi-
tions that the strength of HAZs containing initial cracks was
lower than the other two surrounding materials (group 1: config-
urations 1 and 2 with softer HAZ) and higher than one of the
other two materials (group 2: configurations 3, 4, and 5 with
harder HAZ).

2.3 Creep damage model and crack growth simulation

The ductility exhaustion model was used to account for the
creep damage accumulation and then to simulate creep crack

SDV1
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(b)

Fig.3 The final CCG path for the specimens with different HAZ widths at the same initial load level of K = 10MPay/m for configuration 1, a 2.4 mm,
b 7.0 mm, SDV1 damage variable, /CT initial crack tip, CCT current crack tip
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growth [16-20], and the rate of damage w" was defined by the
ratio of creep strain rate €. and multiaxial creep ductility €7 as

follows:
=" (3)
1

And the total damage at any instant is the integration of the
damage rate in Eq. (4) up to that time [16]:

(4)

t t .
w= / wdt = / E—idr

0 0Ey
where w is the creep damage rate and ¢, and a} is the equiv-
alent creep strain rate and multiaxial creep ductility, respec-
tively. The value of the w is in the range between 0 and 1.
When the accumulated creep damage calculated from Eq. (5)
reaches 1, local failure occurs and progressive cracking is

simulated. Thus, load-carrying capacity of the point is reduced
to near zero by reducing the elastic modulus to a very small
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Fig. 4 The stress triaxiality contours for the specimens with different HAZ widths for configuration 4 at crack length of Aa=4.2 mm, a 0.5 mm, b
2.4 mm, ¢ 4.0 mm, and d 7.0 mm, SDV3 stress triaxiality, /CT initial crack tip, CCT current crack tip

value (1 MPa in this work). The ABAQUS user subroutine
USDFLD was employed to embody this failure simulation
technique, and it has been widely used in the recent literatures
[12, 17, 20].

It is well known that multiaxial creep ductility depends on
stress triaxiality (the ratio of the mean normal stress and equiva-
lent stress) and can be obtained from a number of available creep
void growth models [21-24], but one of the notable models was
proposed by Cocks and Ashby [27], given by Eq. (5):

2 ( n—0.5 n—05 \o
inh | 5 (= )| /sinh 2 )2
! [3 (n ¥ 0.5)} s [ (n ¥ 0.5> ae]
where 5; and € denotes the multiaxial and unaxial creep duc-
tility, respectively, and # is the creep exponent. For investigating
the effects of HAZ widths on CCG properties and facilitating the
interpretation of results, the € » values of the three materials were

assumed to be the same, and it was taken to be 0.16 [25]. Actu-
ally, the experimental results in Ref. [25] show that the creep
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Fig. 6 The comparison of the changes of rupture life with HAZ widths
for configurations 1 and 2

ductility (failure strain) of the BM, WM, and HAZ of P92 welded
joints is nearly the same. The crack growth length was calculated
by the number of damaged regular elements. For CT specimen of
welded joints, the C* can be calculated by the following equa-
tions which consider the bending and tension in the specimen
[26] and has been used in the recent literature [14, 27].

n Pdo/dt
:mW/—a)(”‘% )
_2(1+a)<1+a/W)(l+a2)+a(l—a/W)

T (trafw) s a(ia /W)

B = - (8)
a—i—(l—l—a/W)/(l—a/W)

a:\/{Za/(Wa)+1}2+l{2a/(Wa)+1} 9)

where W is the specimen width, a is the crack length, P is the
load, B, is the net thickness of specimen, dd/dt is the load line
displacement rate, and 7 is the creep exponent in Norton’s law.

(7)

3 Numerical results and discussions

3.1 Effect of softer HAZ width on creep crack growth
properties of welded joints

In order to investigate the effect of softer HAZ width on CCG
properties, the rupture life and CCG rate were calculated at
nine different HAZ widths for configurations group 1 under
the same initial stress intensity factor K = 10 MPay/m. In
the previous work of authors [12], it has found that when the
creep strength of the materials (HAZ) containing crack was
lower than the other two surrounding materials (BM and
WM), the creep crack propagates straight along the initial
crack plane. Therefore, for the above configurations of group
1 (configurations 1 and 2) with softer HAZ, the cracks always
propagate straight, as typically shown in Fig. 3. The SDV1
represents the damage variable, ICT is initial crack tip, and
CCT is current crack tip. Figure 4 shows the stress triaxiality
contours for the specimens with 0.5, 2.4, 4.0, and 7.0 mm
HAZ width at the same crack growth length of Aa=4.2 mm,
and SDV3 is stress triaxiality. It can be seen that the stress
triaxiality ahead of crack tip decreases with increasing HAZ
width due to the decrease of material constraint effect.
Figure 5 shows the crack length vs time (Aa-f) curves and
the change of rupture life with HAZ width for the configura-
tion 1, and the CCG data of homogenous HAZ specimen (4,=
3.77E-18 MPa™h!, ny=6.71) was also included. It can be
seen from Fig. 5 that the rupture life increases with increasing
HAZ width. This is due to the higher constraint ahead of crack
tip given from hard BM and WM for the specimen with
narrower HAZ. This higher constraint induces higher stress
triaxiality ahead of crack tips (Fig. 4) which prompts CCG;
thus, the shorter rupture life is produced [28-30]. This result
agrees with the experimental results of Tabuchi et.al [7] which
showed that the rupture life of the EB welding with 0.5 mm
HAZ width was much lower than that of GTA welding with
2.7 mm HAZ width for P122 welded joints of CT specimens
with pre-crack located in the middle of HAZ at the same initial
load level. It should be noted that for the three dimensional

: _C* 0.1
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(3D) standard C(T) specimens in Ref.[7], the plane strain con-
dition has been reached in a wide range of center part along
crack front [31]. Thus, the result in Ref. [7] can be approxi-
mately regarded as that in plane strain condition. If the FEM
analyses are conducted under plane stress condition or for 3D
specimens with smaller thickness B, the results may be differ-
ent from those in Fig. 5 under plane strain condition due to
different Mises stress and stress triaxiality distributions ahead
of crack tips. This may be related to the combining effects of
out-of-plane constraint and material constraint on the CCG
behavior of welded joints and needs to be further studied.

It also can be seen from Fig. 5 that the rupture life of the
homogenous HAZ materials was longer than those of welded
joints. Thus, the material constraint effect can decrease the
CCQG resistance for the welded joints with softer HAZ under
the assumption that the creep failure strain does not change
regardless of the creep strain rate. When the HAZ width is
large enough (7 mm), the rupture life of welded joint is nearly
the same with that of homogenous HAZ specimen due to the
larger distance from initial crack plane to the HAZ/WM and
HAZ/BM interfaces and negligible material constraint effect.

Figure 6 shows comparison of the changes of rupture life
with HAZ widths for the configurations 1 and 2, and the ho-
mogenous HAZ specimen (Anuaz=7.54E—-18MPa"h !, njypy=
6.71) was also included. Similarly, the creep rupture life in-
creases with increasing HAZ width for configuration 2 at
K = 10 MPa+/m, and the rupture life of welded joints with
7 mm HAZ width was also nearly the same with that of the
corresponding homogenous HAZ material. Figure 6 also shows
that the rupture life of configuration 2 is shorter than that of the
configuration 1 for the same HAZ width. This is due to higher
creep strain accumulation caused by lower creep strength of
HAZ for configuration 2. This means that increasing the creep
strength of HAZ containing crack can increase the creep life of
welded joints. Figure 6 also shows that the rupture life of the
homogenous HAZ materials was longer than those of welded
joints. This implies that the material constraint effect is detri-
mental for CCG properties of softer HAZs.

The relation between the CCG rate and C* (da/dt-C*
curves) was calculated for different HAZ widths of the con-
figurations 1 and 2, as shown in Fig. 7. Only steady state CCG
data was plotted in Fig. 7. It can be seen that the CCG rate of
homogenous HAZ specimens was lower than those of welded
joints at a given value of C*. The CCG rate decreases with
increasing the HAZ width from 0.5 to 5 mm. After the HAZ
width is larger than 5 mm, the CCG rate almost does not
change. This result is consistent with that in Fig. 6 which
shows that the creep rupture life increases with increasing
HAZ width from 0.5 to 5 mm, and then it has very small
increase with the HAZ width. The results in Figs. 6 and 7
imply that the welded joints with narrower HAZ width have
shorter rupture life than those with wider ones. Figure 7 also
shows that the CCG rate of MFyj4,=20 is higher than that of

@ Springer

Aa=11.10mm

(d)

(e

Fig. 8 The final CCG paths for the five specimens with different HAZ
widths at the same initial load level of K = 10 MPa,/m for configuration
4,2 0.5 mm, b 1.0 mm, ¢ 2.4 mm, d 5.0 mm, and e 6.0 mm, SDV
damage variable, /CT initial crack tip, CCT current crack tip

MFyaz=10 due to the higher creep strain accumulation
caused by the lower creep strength of the MFy =20 at a
given value of C*.

From all the results above for the softer HAZs, it can be
concluded that the specimens with larger HAZ width (larger
distance from initial crack plane to the interface between dif-
ferent materials) have longer rupture life and smaller CCG rate
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Fig. 11 The comparison of the creep rupture life of configurations 3, 4,
and 5 with different HAZ widths

=6.71

3.2 Effect of harder HAZ width on creep crack growth
properties of welded joints

In Ref. [12], it has been shown that when the zone containing
the crack was harder than one of the other two surrounding
materials or both, it will form a second crack in the soft ma-
terials near interface. Thus, the crack would propagate both
ahead of initial crack plane and in the soft WM near HAZ/
WM interface for the specimens of group 2 (configurations 3,
4, and 5) with harder HAZ. Figure 8 shows the final damage
contours and CCG paths for the typical five specimens with
different HAZ widths at the same initial load level
K= 10MPay/m for configuration 4. It is interesting to note
that a second crack in soft WM has formed when the HAZ
width is less than or equaling 5.0 mm, and the CCG length in
hard HAZ increases with increasing HAZ width. It also can be
seen that the crack nearly propagates in soft WM for the spec-
imen with 0.5 mm HAZ width, and the second crack cannot be
produced for the 6.0 mm HAZ width.

Fig. 12 The da/dt-C* curves for

Figure 9 shows the distributions of stress triaxiality during
CCG process for the typical specimens with HAZ widths of
0.5,2.4,4.0, and 6.0 mm. The “initiation” represents the ini-
tiation location of the second cracks, and ¢ and ¢, are the
initiation time of the second crack and rupture life, respective-
ly. It can be seen that the time of high stress triaxiality occur-
ring in soft WM increases with increasing HAZ width, and the
highest stress triaxiality just occurred ahead of crack tip of
initial crack plane for the HAZ widths with equaling or ex-
ceeding 4.0 mm. For the specimens with narrower HAZ (0.5
and 1.0 mm), the mismatch effect in creep properties between
hard HAZ and soft WM is obvious, and the strong material
constraint effect leads to higher stress triaxiality in WM near
WM/HAZ interface (Fig. 8a, b) after a short CCG distance.
Therefore, more damage can be accumulated under high stress
triaxiality in WM of WM/HAZ interface. When the damage
reaches 1, the second crack would initiate in WM of interface.
For the specimens with larger HAZ width (4.0 and 6.0 mm),
the stress triaxiality occurring in soft WM near interface is not
much higher due to smaller material constraint effect (Fig. 8c,
d). Thus, the second crack initiated in soft WM after a long
CCG distance in hard HAZ for the HAZ width in the range of
4.0-5.0 mm. For the 6.0 mm HAZ width, higher stress triax-
iality only occurs in HAZ and the second crack cannot be
produced due to negligible material constraint effect caused
by the largest distance from initial crack plane to the HAZ/
WM interface.

Figure 10 shows the Aa-f curves and change of rupture life
with HAZ widths for configuration 4 and the data of homog-
enous HAZ specimen (Ayaz=3.77E—19MPa” "h™ ! ,njyaz=
6.71) is also included. It can be seen that the crack would
accelerate up to fracture as soon as the second crack initiates
in welded joints; therefore, the time of CCG in hard HAZ
determines the rupture life. This is consistent with the result
in Ref. [12]. With increasing the HAZ width from 0.5 to about
2.0 mm, the rupture life increases due to the decrease of stress

0.1
welded joints with different HAZ
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triaxiality (Fig. 9b) and the later initiation of second cracks,
and then, it slightly decreases with the HAZ width due to
gradual loss of the beneficial effect of material constraint
(the effect of decreasing stress triaxiality) for the specimens
with harder HAZ. It can also be seen that the rupture life of
homogenous specimen was longer than those of welded joints
with 0.5 and 1.0 mm HAZ width, but it was lower than those
of welded joints with equaling or exceeding 1.7 mm HAZ
width. This implies that the material constraint effect is bene-
ficial for improving CCG properties for wider and harder
HAZs.

The Aa-t curves for different HAZ widths for configura-
tions 3 and 5 are similar to those of Fig. 10a. The CCG length
propagating in hard HAZ increases with increasing HAZ
width for these two configurations, and it cannot form the
second cracks in soft WM when the HAZ width reaches 5.0
and 8.0 mm for configurations 3 and 5, respectively. Figure 11
shows the comparison of the changes of rupture life with HAZ
widths for the configurations 3, 4, and 5. It can be seen that the
curves of the configurations 3 and 5 are similar to that of the
configuration 2 in Fig. 10b. With increasing MFyy (decreasing
creep strength of WM) for the same HAZ width, the rupture
life decreases due to the earlier creep crack initiation and
propagation in the WM with lower creep strength.

Figure 12 shows the da/dt-C* curves for the welded joints
with different HAZ widths for configuration 4. It can be seen
that the CCG rate becomes much higher in soft WM near
interface than that in original hard HAZ, which is consistent
with the results in Ref. [12]. The HAZ widths have less effect
on the CCG rates in harder HAZ and softer WM, and the
difference in rupture life for different HAZ widths mainly
arise from the initiation time of the second cracks due to the
material constraint effects. The da/dt-C* curves of the config-
urations 3 and 5 are similar to those of the configuration 4 in
Fig. 12.

From all the results above, it can be concluded that it would
form a second crack in soft materials near interface between
hard and soft materials for the cracks located in harder HAZ,
when the distance from initial crack plane to the interface was
not too large. Otherwise, the crack would propagate straight
along initial crack plane. There exist the proper widths of the
HAZ containing the crack which have the longest rupture life
due to the lower stress triaxiality and later initiation of second
crack in soft materials near interface. The CCG properties of
HAZs may be improved by adjusting HAZ widths and its
creep property by adopting proper welding methods or
process.

3.3 Considerations of HAZ widths and mismatch effects
in creep life design and assessment for welded joints

From the results above, it can be seen that the specimens with
different HAZ widths have different rupture life and CCG rate

under the same load level, and the mismatch effects in creep
properties also influence the rupture life and CCG rate for the
specimens with the same HAZ width. Therefore, the HAZ
widths and mismatch effect should be fully considered in
creep life design and assessment for the welded joints. From
Figs. 6 and 11, it can be concluded that the proper designs of
HAZ width and mismatch in creep properties between weld-
ment constituents can lead to longer rupture life.

On the other hand, if the CCG rate data of homogenous
materials are used in creep life assessment for HAZ cracks
with different HAZ widths and HAZ creep properties, the
conservative or non-conservative results may be produced.
Figure 11 shows that if the CCG data of welded joints with
narrower HAZ width (0.5 mm) are used for the components
with larger HAZ width (5 and 6 mm), the conservative results
will be produced for harder HAZ specimen, while the non-
conservative results will be produced inversely. Thus, the ac-
tual CCG data for the specimens with different HAZ widths
and mismatches in creep properties should be obtained by
experiments or FE simulations and used in creep life assess-
ment of welded joints with HAZ cracks.

4 Conclusion

The finite element method (FEM) based on ductility exhaus-
tion damage model was used to investigate the effects of HAZ
widths (the distance from initial crack plane to the interface
between different materials) on CCG properties for the CT
specimens of welded joints with pre-crack located in the mid-
dle of softer and harder HAZs under the same initial load
level. The stress state, creep damage around cracks, rupture
life, and CCG rate were calculated and analyzed, and the creep
life assessment and design for welded joints were discussed.
The main results obtained are as follows:

1. For the welded joints with softer HAZ containing crack,
the crack always propagates straight, and the material
constraint effect is detrimental for CCG properties. The
creep rupture life increases and CCG rate decreases with
increasing HAZ width due to the decrease of material
constraint effect. The designs with wider HAZ containing
crack can improve CCG properties and prolong life of
welded joints with softer HAZs.

2. Forthe welded joints with harder HAZ containing crack, a
second crack in soft WM near interface generally forms
during creep crack growth in harder HAZ, and the rupture
life is mainly determined by the initiation time of the
second crack. The CCG length in harder HAZ increases
with increasing HAZ width. The material constraint effect
is beneficial for improving CCG properties for wider and
harder HAZs. There exist proper widths of the harder
HAZ which have the longest rupture life due to the lower
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stress triaxiality and later initiation of second crack in soft
WM near interface.

3. The CCG properties of HAZs may be improved by
adjusting HAZ widths and its creep property by adopting
proper welding methods or process.

4. The HAZ widths and mismatches in creep properties
should be fully considered in creep life design and assess-
ment for the welded joints. The actual CCG rate data for
the specimens with actual HAZ widths and mismatches
should be obtained by experiments or FE simulations and
used in creep life assessment of welded joints.
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