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Abstract

Welding residual stress in the engineering structure has a non-negligible influence on crack propagation, and crack closure is a
significant factor affecting the crack propagation. Based on the elastoplastic finite element method and crack closure theory, we
studied crack closure and residual compressive stress field of butt-welded plates under constant amplitude loading and
overloading regarding the stress ratio, maximum load, overload ratio, and number of overloads. The results show that the welding
residual tensile stress can decrease the crack closure because of a decrease in the residual compressive stress in the wake zone, but
the effect is gradually reduced with increased stress ratio or maximum load. And the combined effect of welding residual tensile
stress and overload can produce a stronger retardation effect on crack propagation.
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Article Highlights

* Crack closure of the butt-welded plates are investigated under the com-
bined of welding residual stress and constant amplitude loading and
overloading, which has only few research work up to now.

* The effect of welding residual stress on crack closure and crack propa-
gation is studied under constant amplitude loading, and the effect is
gradually decreased as the stress ratio or maximum load increases.

 The retardation effect with or without welding residual stress under
overloading has been quantitatively investigated regarding the overload
ratio and number of overloads. It is found from the results that the
retardation effect with welding residual stress is greater.

* The release and redistribution of welding residual stress during crack
propagation may be promoted with the increase of stress ratio, maxi-
mum load, and overload ratio.

* Based on the crack closure method, the effect of welding residual stress
on crack closure and crack propagation can be better researched from
the perspective of residual stress in plastic wake zone formed by the
combined loads which obtains some conclusions with scientific signif-
icance and reference value on fatigue crack growth.
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1 Introduction

With the development of large ships, low-cycle fatigue frac-
tures in ship hull structures have become more serious and
are a key problem to address in ship development (Han et al.
2007). When the crack extends to a certain length under
cyclic loading, the hull structure will be failure. Therefore,
accurately predicting the life of crack propagation is signifi-
cant. Crack closure occurs in the process of crack propaga-
tion and is an essential factor affecting the crack growth rate.
The closing of crack faces leads to reduction in the stress
intensity factor range that reduces the crack growth rate. The
hull is made up of a large number of welded structures,
resulting in welding residual stress in the structure, which
has a non-negligible influence on crack propagation. The
combined effect of welding residual stress and residual stress
caused by the external load will lead to a change in the crack
closure, which affects the crack propagation rate. There have
been few investigations into the effect of the welding resid-
ual stress on the butt-welded plate under constant amplitude
loading and overloading.

Elber (1971) first proposed the concept of crack closure,
suggesting that the crack faces might be in contact even under
cyclic tensile loading. The contact leads to a decrease of the
stress intensity factor range, which provides a new under-
standing of fatigue crack propagation. Antunes et al. (2015
2008 2010) performed a large amount of numerical simulation
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calculations investigating the influence of stress ratio, crack
length, cycle number, and mesh size on crack closure, and also
verified the validity of crack closure. Many results have
shown that the plasticity (Matos and Nowell 2008; Cochran
et al. 2011) is still the primary factor to induce crack closure,
and the residual compressive stress produced by the residual
plastic deformation in the wake zone has been widely studied.
Ding et al. (2013) focused on the effect of loading history on
crack propagation. The study shows that the residual compres-
sive stress in the wake zone is an important factor to promote
crack closure during loading. Li et al. (2014) carried out the
tensile and compression overloading analysis of MT speci-
mens by numerical simulation. The results conclude that the
increase of residual compressive stress in the wake zone
caused by the tensile overloading promotes crack closure.
Compression overloading will have a reverse effect on crack
closure, however, the effect is small.

To study the effect of the welding residual stress on crack
propagation in engineering structures, relevant researchers in-
troduced welding residual stress as the initial residual stress
into a model for analysis. Lv and Wang et al. (2016) intro-
duced the initial residual stress of shot peening into the model
and investigated its influence on crack propagation and crack
closure. The study shows that the crack closure is caused by
the combined effect of external loading and initial residual
compressive stress in shot peening, and the distribution of
initial residual stress in shot peening also plays an important
role in the crack growth rate. Wang et al. (2014) considered
the effect of the initial residual stress and established an im-
proved crack propagation model of stiffened plates. The re-
sults are in good agreement with the experimental results and
can be used in engineering practice. In some studies (Terada
2011; Tan et al. 2007; Bao and Zhang 2010; Bao et al. 2010),
the effect of the initial residual stress is mainly expressed in
the form of the stress intensity factorKre, but these works do
not investigate the generation process of the welding residual
stress. Therefore, some researchers (Lee and Chang 2011)
have simulated the process of welding by numerical simula-
tion, and then they treated the residual stress obtained by the
simulation as the initial stress in the model, which is a more
reasonable method to investigate the effect of welding residual
stress on crack propagation. Of course, the welding residual
stress will be released to a certain extent and appear as redis-
tribution during the crack propagation process, which will
affect the crack growth rate. This effect is more obvious under
different overloads (Liljedahl et al. 2008; Huang and Moan
2007; Li et al. 2007). There are two primary methods for
predicting the crack growth rate considering the welding re-
sidual stress. One is to determine the effective stress ratio R
by the superposition principle to explain the effect of the
welding residual stress. The other method is calculating the
open stress intensity factor K, and effective stress intensity
factor range AKeff under the combined effect of the external
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load and welding residual stress field based on the principle of
crack closure. Liljedahl et al. (2009) used the residual stress
approach and crack closure approach to assess the crack
growth rate, and compared the finite element results with the
experimental results. It was found that the results obtained by
the residual stress approach were in good agreement with
those from the experiment under low loading levels, and the
results obtained by the crack closure approach were in good
agreement with those from the experiment under high loading
level.

The discussed studies show that the welding residual stress
has a non-negligible influence on crack propagation. The con-
cept analysis of fatigue crack closure can reflect the influence
of residual stress on the crack propagation law more profound-
ly (Wang et al. 1999; Kim et al. 1991; Larue and Daniewicz
2007). The existing research on crack closure and crack prop-
agation law of a butt-welded plate considering the welding
residual stress under constant amplitude loading and
overloading is limited. In this paper, the butt-welded plate
with a center penetrating crack is considered, and the welding
residual stress is taken as the initial stress in the model inves-
tigating the influence of the stress ratio, maximum load, over-
load ratio, and number of overloads based on the elastoplastic
finite element method and crack closure theory. The results
show that the residual compressive stress field formed by the
combined effect of welding residual stress and constant am-
plitude loading and overloading have different effects on the
crack closure under various loading cases, which provides a
new way to study the complex mechanism of crack closure
and crack propagation law for the butt-welded plate.

2 Theoretical Formula

In the weight function method, the superposition principle is
usually used to superimpose the stress intensity factors caused
by the external load and welding residual stress to predict the
crack propagation life. However, it is assumed that the super-
position principle is only valid if the residual stresses are not
affected by the presence and growth of a fatigue crack. Due to
the closing of crack faces and release of welding residual
stress during the crack propagation, the crack closure mecha-
nism has been widely used to study the combined effect
of the residual stress field caused by the external load
and welding residual stress field (Lv et al. 2016; Wang
et al. 2016); the effective stress intensity factor range is
expressed as:

AI<eff = Kmax_Kop (1)

where K, is the stress intensity factor corresponding to
the combined effect of the external load and welding
residual stress.
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In a previous study, the crack closure parameter U is often
used to describe the crack closure level:

_ AKefr o Kmax_Kop o Pmax_Pop o

v AK B Kmax_Kmin B Pmax_Pmin I-R

where U describes the size of crack closure, and a decrease in
U indicates an increase in crack closure. Pop is the opening
load value under the combined effect of the external load and
welding residual stress. Ppax, Pmin are the maximum and min-
imum load value under the combined effect of the external
load and welding residual stress, respectively.

Therefore, the crack growth rate considering the welding
residual stress can still be expressed by the Paris correction
formula:

da

— =C(UAK)" = C(AKeg)" 3
o = CLUAK)" = C(AKen) ()
where C, m are the material constants, and AKeff is the effec-
tive stress intensity factor range.

3 Numerical Simulation
3.1 Geometric Model

To facilitate the study of the distribution of welding residual
stress, the analysis model adopted in this paper is shown in
Figure 1. The sizes of the butt-welded plate are 2L = 160 mm,
2W=80 mm, =3 mm, ay=4 mm. The yield stress is
345 MPa and the applied maximum cyclic loading is
320 MPa. The load direction is applied along the weld line
(longitudinal direction) (Bao et al. 2010; 2010). During the
analysis, the geometry of the weld is not considered under
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Figure 1 Geometric model

the assumption of a constant plate thickness ¢ and a crack
length exceeding the width of the weld.

3.2 Finite Element Model

Because the model is welded by two flat plates with symme-
try, 1/4 of the model was built in Figure 2 to simplify the
analysis. To better simulate crack closure and crack propaga-
tion, an analytical rigid line is established at the bottom of the
model as a master surface, and the bottom surface of the model
is used as a slave surface. Because the plate thickness is much
smaller than the length and width of the plate, the model is
assumed to be analyzed under plane stress. The boundary
condition is taken as follows: a fixed constraint in the x-direc-
tion is applied along the y-axis direction. To prevent mutual
embedding of materials, an analytical rigid line is defined
along the x-axis direction, and a fixed constraint in the y-di-
rection is applied in the region where the crack stops
expanding.

This paper uses node release technology to simulate the
process of crack propagation. Due to the influence of calcula-
tion time and releasing node time, crack growth is simulated
by successive node release at minimum load once every two
cycles of loading (Matos and Nowell 2009). Crack opening
loads are determined by monitoring the contact state of the
first node behind the crack tip (Borrego et al. 2012; Dong et al.
2019). To improve the accuracy of the opening values when
the crack actually opens, linear interpolation is used between
the remote loads corresponding to the last contact in the first
node behind the crack tip and the following load increment
(Allison 1988). The model is meshed using the plane stress
four-node reduction integral element (CPS4R). The expanded
area adopts a refined mesh with a mesh size 0 0.05 % 0.05 mm
to ensure that the cyclic plastic zone contains at least 3 to 4
elements (Lei 2008; Li and Li 2006).
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Figure 2 Finite element model
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3.3 Material Properties

The material properties parameters are o, =345 MPa, E=
206GPa, and v=0.3. Because plasticity induced crack closure
(PICC) is a plastic deformation-based phenomenon, it is very
important to accurately simulate the yield and hardening be-
havior of the materials. The Chaboche combination model can
better capture the basic cyclic plastic response of materials
such as the Bauschinger effect, plastic shakedown, ratcheting
resulting from asymmetric cycles of stress, and mean stress
relaxation resulting from an asymmetric strain cycle.
Therefore, the Chaboche combinatorial constitutive model is
adopted to characterize the nonlinear behavior of the mate-
rials, and the model parameters shown in Table 1 are selected
from literature (Dong et al. 2016).

In Table 1, v is Poisson’s ratio, Q is the maximum change
of the yield surface, b is the change rate of the yield surface
with increasing plastic strain, ¢;, ¢,, and c5 are the initial ki-
nematic hardening moduli, and ~;, 7., and 3 are the rate of
strain increase.

3.4 Introduction of the Welding Residual Stress

The welding residual stress should be self-balanced. However,
in the experimental measurement, the measured tensile resid-
ual stress is often greater than the compressive residual stress
leading to the unbalanced stress field. This stress field will
influence the calculation results (Bao et al. 2010). The purpose
of this paper is not to simulate the welding residual stress
distribution but to better study the redistribution and release
of welding residual stress during crack propagation and its
effect on crack propagation under constant and variable am-
plitude loading (Liljedahl et al. 2008). Therefore, this paper
adopts the empirical simplification formula of the welding
residual stress proposed by Tada and Paris (1983). Due to
the mode-I crack propagation, the longitudinal residual stress
has a more important role than the transverse residual stress.
To simplify the calculation, only the distribution of the longi-
tudinal residual stress is considered:

0y(x) = o0y ——"7 (4)
X
1+ (2)
Table 1 Chaboche composite model material parameters
Material E v (0] b o
AH32 206GPa 0.3 72 8 345 MPa
cy " 2 "2 (& "3
140 000 8750 75000 238 1950 0
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where 0y, is a parameter defining the maximum value of the
tensile residual stress and ¢, is the distance from the y-axis at
which the residual stress field changes from positive to nega-
tive, i.e., from tensile to compression. Because the stress at the
weld is close to or exceeds the material yield stress, o, can be
taken as 345 MPa, and ¢, has a typical value of 10 mm
(George and loannis 2009). Considering the calculation effi-
ciency, it is not advisable to choose a larger crack propagation
length. Through a large number of finite element calculations,
this paper finally chooses to expand only Aa=5mm (The
reasons for selection of ¢, include the following. This paper
mainly studies the effect of the ideal residual stress distribu-
tion on crack propagation but does not study the specific
welding process. In addition, because only the effect of the
residual tensile stress is investigated, it is desirable that ¢, is
larger than the sum of the crack extension length and initial
crack length (co> Aa + ag: 10mm > 5mm + 2mm)). The re-
sidual stress distribution is shown in Figure 3.

The residual stress file is written in the FORTRAN pro-
gram and introduced into the calculation model as initial stress
by ABAQUS definition user subroutine SIGINI. Since the
introduced initial stress cannot fully satisfy the self-
balancing condition of the residual stress and boundary con-
ditions, a static analysis is needed to make the residual stress
in the test material become the equilibrium stress state.
Figure 4 shows the introduced residual stress distribution be-
fore and after equilibrium and Eq. 4. The difference between
the residual stress distribution of pre-equilibrium, post-equi-
librium, and the formula is very small. Therefore, the residual
stress distribution after equilibrium is used as the initial resid-
ual stress in the calculation model.

3.5 The Validity of the Finite Element Method

Selected literature (Lv et al. 2016) was used to verify the
validity of the finite element method used in this paper. The
test model is a four-point bending specimen. First, the finite
element model shown in Figure 5 is established by ABAQUS
software. This work also uses the node release technique sim-
ulating crack growth. The introduced welding residual stress
is realized by the ABAQUS definition user subroutine. The

Figure 3 The distribution of welding residual stress
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Figure 4 Stress distribution before and after equilibrium

crack opening load is determined by the displacement state of
the first node behind the crack tip. As shown in Figure 6, the
results calculated by finite element analysis in this paper show
very good agreement with literature. Therefore, the finite ele-
ment method used has reliability.

4 Study of the Constant Amplitude Loading
4.1 The Effect of the Welding Residual Stress Field

To study the effect of the welding residual stress on crack
propagation under constant amplitude loading, the analysis
was performed under a stress ratio of R =0. Figure 7 a and b
show the curves of crack opening load and crack closure pa-
rameter with and without welding residual stress, indicating
the welding residual stress has a non-negligible influence on
crack propagation.

The crack closure weakened in the welding tensile stress
region primarily because the residual tensile stress is able to
offset some part of the residual compressive stress formed by
the external load during unloading. Additionally, the differ-
ence between crack closure parameters in the two different
cases continuously decreases as the crack length increases,
which is probably related to the release of residual stress.
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Figure 5 Finite element model and boundary condition (Lv et al., 2016)
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This can be considered that the effect on crack propagation
is also gradually reducing.

To investigate the evolution of the residual compressive
stress field in the plastic wake zone, the paper uses orre(2),
ore(2) to represent the size of the residual compressive stress
field with or without welding residual stress for the crack
extension length Aa =2mm (orre, ore are the sum of all the
compressive stress values behind the crack tip at the minimum
load with or without welding residual stress, respectively).
Figure 7 ¢ and d show the stress distribution near the crack
tip for Aa =2mm. It can be seen that the residual compressive
stress field in the plastic wake zone is reduced at the minimum
load due to the welding residual tensile stress (Jorre(2)| =
999MPa < |ore(2)| = 2784MPa). Because the residual com-
pressive stress field is the primary factor to affect crack clo-
sure, the decreased residual compressive stress will weaken
the crack closure to a certain extent, resulting in the increase in
crack growth rate. The work also extracts accumulative plastic
strain at the crack tip for Aa=2mm, and the accumulative
plastic strain value with welding residual stress is larger than
the situation without residual stress (epre =0.0373 >¢ep =
0.021), which indicates that the welding residual tensile stress
can increase the plastic deformation at the crack tip. This
conclusion agrees with the literature (Li et al. 2011).

4.2 The Effect of the Stress Ratio

The effect of the stress ratio on crack propagation is also
significant. The crack propagation in four loading cases with
different stress ratios (R=0, 0.1, 0.2, and 0.3) was studied to
investigate the crack closure parameter U and residual stress
field distribution.

Based on these results, the crack closure will weaken
with an increase in the stress ratio, which is mainly
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Figure 7 The effect of welding residual stress on Pop, U, and stress distribution

related to the decrease in the residual compressive stress
field in the wake zone behind the crack tip. Figure 8c
shows that the residual compressive stress field will be
reduced with the increase in the stress ratio (Jore(0.1)|=
1974MPa < |ore(0)| =2993MPa,|orre(0.1)| = 1023MPa
<|orre(0)| = 1223MPa). The residual compressive stress
field formed by the external load and welding residual
tensile stress is smaller than with only the external load
(lorre(0.1)| < Jore(0.1)], |orre(0)] < |ore(0))).

Quantitative analysis was used to investigate the effect of
the stress ratio on the welding residual stress. Sy, So.1, So.2, and
So.3 are used to represent the area between crack closure pa-
rameter curves with or without welding residual stress under
different stress ratios (R =0, 0.1, 0.2, 0.3, respectively), which
are the effect of the welding residual stress on crack closure
and crack propagation. As shown in Table 2, the effect of the
welding residual tensile stress on crack closure gradually re-
duced with an increase in stress ratio (Uav,Uav(re)), resulting
in a decrease in the effect of the welding residual stress on the
crack growth rate (Sy> Sy 1> So.2>S03), which is closely
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related to the release and redistribution of welding residual
stress during crack propagation.

4.3 The Effect of the Maximum Load

The maximum load also has a non-negligible effect on crack
propagation. Cases with maximum load (P, =320, 370,
420 MPa) under R=0.1 were analyzed. As shown in
Figure 9a, the increased maximum load decreases the crack
closure without welding residual stress primarily because the
load can offset part of the residual stress on the crack faces
(|lore(320)| = 1973MPa > |ore(370)| = 1672MPa), as shown in
Figure 9b. Alternatively, the law of crack closure is different
with welding residual stress. When Aa > 3 mm, the crack clo-
sure decreases with an increase in the maximum load. Figure 9¢
shows the stress field distribution at the minimum load for
Aa=5mm, illustrating the compressive stress field has
some reduction (Jore(320)|=1589MPa > |ore(370)|=
1386MPa). However, the variation law is not obvious
for Aa= <3mm, which is mainly related to the
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Fig. 8 The effect of the stress ratio on crack closure

Table 2  Effect of the stress ratio

Case Prax (MPa) R Uav Uav(re) Si

1 320 0 0.638 0.765 0.5591
2 320 0.1 0.677 0.793 0.4912
3 320 0.2 0.725 0.838 045

4 320 0.3 0.789 0.902 0.4345

Where Uav(re) and Uav represent the average value of the crack
parameter with or without the welding residual stress, respective-
ly, i.e., the level of crack closure. S; describes the effect of stress
ratio on crack closure and crack propagation with welding resid-
ual stress (i=0, 0.1 0.2, 0.3, ..., ..., n)

distribution of the welding residual stress. The same
quantitative method was performed to investigate the
influence of the maximum load for the welding residual
stress. As shown in Table 3, overall, the increased max-
imum load will reduce the influence of the welding
residual stress on crack closure (S350 > S379 > S420), indi-
cating that the increased maximum load may promote
the release and redistribution of welding residual stress.

4.4 The Analysis of the Effective Stress Intensity
Factor Range

The stress intensity factor range is a significant factor affecting
crack propagation. The stress intensity factor can be calculated
by Feng et al. (2012):

K = Yo/ma (5)

Y = (1—0.1(61/W)2 + 0.96(a/W)4) sec (%77) (6)

where W is the width of the model, Y is the correction factor, o
is the applied load, and a is the half crack length.

AKep = UAK = YU (Omax—0min) V7@ (7)

The effective stress intensity factor ranges with or with-
out welding residual stress are obtained by Eq. (7). As
shown in Figure 10 a and b, the effective stress intensity
factor range with welding residual stress is larger than the
case without welding residual stress, indicating the
welding residual tensile stress can affect the crack growth
rate to some degree. When the stress ratio increases, the
effective stress intensity factor range will decrease, indi-
cating a decrease in the crack growth rate. Additionally, the
effective stress intensity factor range still increases with an
increase in the maximum load. However, the effect caused
by the increased maximum load on welding residual stress
appears to be a reduction.
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Figure 9 The effect of the maximum load on crack closure
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Table 3  The effect of the maximum load

Case Prax (MPa) R Uav Uav(re) Si
320 0.1 0.677 0.793 0.4912
370 0.1 0.708 0.775 0.2812
3 420 0.1 0.746 0.781 0.1621
5 Study of Overloading

5.1 The Effect of the Welding Residual Stress Field

The influence of overload ratio, number of overloads, and
other factors were used to study the effect of the welding
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residual stress on crack propagation under overloading. The
main purpose is to consider the effect of overload on the
welding residual stress redistribution that result in complex
stress changes at the crack tip, thus affecting the crack growth
rate. The crack closure parameter and change of residual com-
pressive stress field with or without welding residual stress are
investigated for Rop = 1.2 (where Rop = Por/Pmax, PoL is the
maximum load during the overload) and Aa = Imm in this
section.

As shown in Figure 11a, crack closure appears to decrease
first after the overload, then gradually increase, finally recov-
ering to constant amplitude loading. Figure 11b shows that
residual compressive stress field in the plastic wake zone will
be enhanced after the overload (Aa=1.3m, |ore(1.2)| =
2345MPa>|ore(l)|=1667MPa, |orre(1.2)|=
2024MPa > |orre(1)| = 931MPa), and the residual compres-
sive stress field after the overload will relatively reduce under
the effect of the welding residual tensile stress (jorre(1.2)| =

—o—R_ =1,a. =] mm
09F or. +» Yo
~ 0812 S, = R()l,:] 2, =1 mm
~ without residual stress
0.7 osg
AU} TR Rt Q o
06 C HEE ! ) ! J
0 Aa,l Aa, 2 Aa3 4 )
1.0 T Aa (mm)
’ 1e) —=R,~=1,a,=1 mm
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(b) Stress distribution near the crack tip for
Aa =1.3mm

Stress (MPa)

Figure 11 U and stress distribution near the crack tip under overloading

2024MPa < |ore(1.2)| =2345MPa), which is the main reason
for the decrease of crack closure and increase of the crack
growth rate. In addition, the accumulative plastic strain
(Aa=1mm) will increase at the time of overload
(epre(1.2)=0.0644 > cpre(1)=0.0349, ¢p(1.2) =
0.0394 > ep(1)=0.0171), and the accumulative plastic strain
with welding residual stress is larger (epre(1.2) > ep(1.2)), in-
dicating that the overload and welding residual tensile stress
will increase the plastic deformation at the crack tip.

A similar literature method was used to quantify the effect
of the welding residual stress on crack propagation under dif-
ferent overloads (Chen et al. 2018). S(re) and SO are used to
represent the influence of the retardation effect during the
overload with or without the welding residual stress in Fig.
11a, respectively. The values can be obtained by numerical
integration. The increase in Sy and S, implies that the retar-
dation effect is enhanced, and it can be expressed as:

{SO — =851 + 5, = Uy (Aa)dAa + [y Us(Aa)dAa
Ay Aas
Stre) = Si(re) + S2re) = Jam, Utire) (A)dAc + [y Us(rey (M) dAcx

(3)

where §; and S, represent the acceleration and deceleration
effects of crack propagation without welding residual stress,
respectively. S1(re) and S2(re) represent the acceleration and
deceleration effects of crack propagation with welding resid-
ual stress, respectively. Aa;, Aa,, and Aas are described in
Figure 11a.

As shown in Figure 11a (S(re) =0.0864 > S0 =0.0139), the
retardation effect with the welding residual tensile stress caused
by the overload is larger, which is similar to previous reports
(Daneshpour et al. 2012). The residual compressive stress field
shown in Table 4 has a large proportion of change from the
position of pre-overload to the strongest retardation effect after
overload due to the combined effect of residual tensile stress and
overload. This leads to the fact that the decreased amplitude of
AU is larger (the amplitude of AU refers to the difference be-
tween the minimum value of Umin(overload) after the overload
and Uconstant, and the definition of Uconstant is the intersection
of the overload curve and constant amplitude loading curve when
the overload curve decreased, as shown in Figure 11a; when U

Table 4 The change in the residual compressive stress field

owrs(MPa) al(mm) ore(1)(MPa) orre(1)(MPa)
x 0.9 — 1549 -

J 0.9 - —854
a2(mm) ore(2)(MPa) orre(2)(MPa) Ac(%)

1.3 —2345 - 51.39

1.2 - —1850 116.63
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recovers to the level of constant amplitude loading, the retarda-
tion effect will be also larger.

In Table 4, owrs is the welding residual stress, “X” indi-
cates the case without welding residual stress, “\ indicates
the case with welding residual stress, a; is the position before
the overload, a, is the position of the strongest retardation
effect after overload, ore(1), orre(1) indicate the residual com-
pressive stress field without or with welding residual for the
Aa = ay, and ore(2), orre(2) indicate the residual compressive
stress field without or with welding residual for Aa = a,.

5.2 The Effect of the Overload Ratio

To investigate the effect of the overload ratio on welding
residual stress, the analysis is carried out for four cases
with different overload ratios (Ror. =1.2, 1.3, 1.5, and
1.7). The relationship between the crack closure parameter

LA ' —o—R,=lay=—
| —o—R,=1.2,a, =1 mm
09+ | > .
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Figure 12 The effect of the overload ratio on crack closure
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and crack propagation length with or without welding re-
sidual stress under different overload ratios is shown in
Figure 12 a and b. Based on the quantitative result of the
retardation effect shown in Table 5, the retardation effect is
gradually enhanced with the increase in overload ratio in
two different cases, and the retardation effect with welding
residual stress is larger (S(re) > S0, AUre > AUO). In addi-
tion, with the increase in the overload ratio, the value of U
is more difficult to recover to the level of constant ampli-
tude loading after overloading. The difference between the
overloading and constant amplitude loading gradually in-
creases indicating the increased overload ratio may some-
what reduce the effect of welding residual stress.

5.3 The Effect of the Overload Ratio

To investigate the effect of number of overloads on
welding residual stress, the analysis is performed for four
cases with different number of overloads (N=1, 3, 7,
and 11). Based on the quantitative result of the retarda-
tion effect shown in Table 6, the retardation effect is
gradually enhanced with an increase in the number of
overloads, and the retardation effect with the welding
residual stress is larger (S(re)>S0, AUre> AUO) than
the case without welding residual stress (Figure 13).
Although the retardation effect increases with the in-
creased number of overloads, the trend of the crack clo-
sure parameters is relatively close in the late stage, which
indirectly indicates that the increased number of over-
loads do not have an obvious effect on the release of
welding residual stress.

5.4 The Analysis of the Effective Stress Intensity
Factor Range

To express the law of crack propagation during overload,
the effective stress intensity factor range is obtained by Eq.
(7). As shown in Figure 14, the crack parameter U sudden-
ly increases and then gradually decreases, finally returning
to the level of constant amplitude loading. When the over-
load ratio and number of overloads increase, the retarda-
tion effect is relatively enhanced resulting in the reduction

Table 5 The effect of the retardation effect

ROL aOL(mm) AUO AUre S() S(re)
12 1 0.0612 0.1616 0.0109 0.0864
1.3 1 0.1004 0.1957 0.0309 0.137
1.5 1 0.1546 0.2771 0.0916 0.2878
1.7 1 0.1946 0.3287 0.1668 0.4823
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Table 6 The effect of the retardation effect

Ror N aor(mm) AU, AUre So S(re)

1.2 1 0.0612 0.1616 0.0109 0.0869
1.2 3 1 0.1032 0.2004 0.0364 0.1113
1.2 1 0.1432 0.2314 0.0612 0.1290
1.2 11 1 0.172 0.2874 0.0939 0.1676

in the crack growth rate. The retardation effect is relatively
stronger with the welding residual stress. The increased
overload ratio may also reduce the effect of welding resid-
ual stress to a certain extent. In contrast, the effect of the
number of overloads is not very obvious.

Ler o— Ry=lag =" N=—
—o— R,=12,a,=1mm, N=1
0.9r | R, =12, a, =1 mm, N=3
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= 07+ om ]
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Figure 13 The effect of the number of overloads on crack closure
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Figure 14 The variety of effective stress intensity factor range under
different overloads

6 Conclusions

Welding residual stress has a non-negligible influence on
crack propagation. Based on the crack closure method, the
effect of the welding residual stress on crack propagation
was investigated under constant amplitude loading and
overloading, and the influencing factors of stress ratio, maxi-
mum load, overload ratio, and number of overloads discussed.
The factors were quantitatively analyzed to understand the
effect of the welding residual stress on the crack propagation
law. The following conclusions were drawn:

1) Welding residual tensile stress can offset part of the resid-
ual compressive stress caused by the external loading,
reducing the total residual compressive stress field in the
plastic wake zone, which can reduce the crack closure
thereby increasing the crack growth rate.
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2) The effect of the welding residual tensile stress on the
crack closure continuously decreased with the increase
in the stress ratio under constant amplitude loading. The
ability of the welding residual tensile stress to offset the
residual compressive stress in the wake zone tends to
decrease, which is related to the release and redistribution
of the welding residual stress during crack propagation.

3) The effect of the maximum load is somewhat different with
or without welding residual stress. Under no welding re-
sidual stress, the crack closure decreased with an increase
in the maximum load. Alternatively, the variable law of the
crack closure is not very obvious. Only when the crack
length extends to a certain extent, the crack closure will
decrease with the increase in the maximum load.

4) Under the combined effect of the overload and welding
residual tensile stress, the retardation effect will increase
to some degree primarily because the residual compres-
sive stress field has a significant increase resulting in a
large decrease of the crack closure parameter. When U
recovers to the level of constant amplitude loading, the
retardation effect also gradually increased.

5) The retardation effect caused by overload is enhanced
with the increase in the overload ratio and number of
overloads, and the effect with the welding residual tensile
is particularly obvious. When the overload ratio increases,
it will promote the release of the welding residual stress
and reduce its influence on the crack propagation to a
certain extent. In contrast, the effect of the number of
overloads is not very obvious.

6) The effective stress intensity factor range can reflect the
crack growth rate well. In the case of welding residual
tensile stress, the crack growth rate is relatively large. A
decreased maximum load or increased stress ratio will
reduce the effective stress intensity factor range, resulting
in a reduction in the crack growth rate. For the case of the
overload, the retardation effect is relatively enhanced with
the increase in the overload ratio and number of over-
loads. The retardation effect caused by the overload under
welding residual stress is greater.

Funding This study was supported by the National Natural Science
Foundation of China (Grant No. 51779198).
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