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a b s t r a c t
This work investigates the fatigue damage evolution of butt welded joints under cyclic loading through a
continuum damage mechanics approach. A coupled thermal-mechanical analysis is conducted to evaluate the residual stresses induced by welding processes, which are used as the initial state in the fatigue
damage analysis. An elasto-plastic fatigue damage model that takes into account the porosity-induced
stress concentration in the weld zones of joints is developed to study their damage evolution. The fatigue
lifetimes of these joints with different pore conditions are predicted and show consistency with the
experimental results. The residual stress level is found to decrease due to the combined effects of the
plastic deformation and fatigue damage.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Fatigue is the dominant failure mode of welded joints under
cyclic loading [1,2]. Extensive tests of the fatigue performance of
welded joints have been conducted over the past decades. Several
standards such as Eurocode 9 [3] and International Institute of
Welding recommendations [4] have been published to provide
guidelines for fatigue assessment and design of these joints. The
fatigue strength is influenced not only by the material fatigue
property and cyclic loading conditions but also by the welding
process-induced changes in joints such as the residual stresses
and welding defects. Due to the intense concentration of heating
and subsequent cooling, residual stresses are inevitably formed
in the fusion zone (FZ) and heat-affected zone (HAZ). These residual stresses are superimposed on the cyclic loading, leading to a
significant increase in the maximum stress and mean stress levels
and thus reducing the fatigue lifetime. Moreover, the weld characteristics such as increased flank angle, excess weld metal, angular
distortion, misalignment and pores result in the stress concentrations and detriment the fatigue performance.
Pores inside the welded joints are mainly attributed to the trapping of shielding gases, hydrogen, and process vapors. In the presence of the pores, the effective carrying area is reduced, which
increases the average stress level in the weld zone. Pores also cause
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the stress concentration and provide the potential sites for the
early cracks initiation [5,6]. Therefore, how to control the porosity
is a critical issue in the welding process as well as the additive
manufacturing [7,8]. With the development of the nondestructive testing (NDT) methods, the pore conditions such as
the maximum diameter, average size and number of pores can
be evaluated from the scanning results [9–11]. However, few
researches were conducted to consider the effect of porosity on
the fatigue lifetimes of these joints, which can be attributed to
two reasons: (a) the characteristic of porosity is difficult to control
during welding processes; (b) it is a challenge to distinguish the
effect of porosity from other factors in the fatigue testing.
Stress-based approach [12] and fracture mechanics approach
[13] are two main methods used to assess the fatigue lifetimes of
welded joints [14]. The former approach is based on S-N curves
that correlate the number of cycles N that causes failure to the
applied cyclic stress range S. The stress range can be expressed in
terms of nominal stress, hot-spot stress or local notch stress. The
S-N curves are derived from many fatigue experiments with particular weld details, which include the influences of the residual
stresses and porosity. The fracture mechanics approach focuses
on the propagation behaviour of cracks originating from material
manufacturing or welding processes or the crack initiation under
service loads. Welding defects detected by the use of NDT methods
are categorized as initial cracks with elliptical shapes [13]. However, it ignores the crack initiation period, leading to serious underestimation of the fatigue lifetime particularly in the high-cycle
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fatigue regime. Furthermore, it is limited by the distribution of
pores and their possible interactions in joints. Although they are
widely used to assess the fatigue lifetimes, both approaches cannot
take into account the evolution of fatigue damage and its influence
on the material properties.
Continuum damage mechanics (CDM) approach has been introduced to the fatigue damage analysis of welded joints under cyclic
loading. A damage variable defined as a measurement of microcracks and micro-voids in the material is incorporated into the fatigue damage model. It deals with the mechanical behaviour of a
deteriorated material at the macroscopic scale and evaluates the
progressive damage based on the evolution law derived from thermodynamics [15,16]. Do et al. [17] used a CDM approach to investigate the effect of residual stresses in butt welds on their fatigue
lifetimes. It was reported that the fatigue crack initiation period
consumed the majority of total fatigue lifetime in the high-cycle
fatigue regime. He et al. [18] developed a fatigue model based on
the change of natural frequency of welded joints to describe their
damage evolution. It captured the elasto-plastic deformation and
residual stress relaxation. However, the porosity is not considered
in the aforementioned investigations.
This study investigates the fatigue damage evolution of welded
joints in the presence of residual stresses and porosity. A couple
thermal-mechanical analysis is conducted to obtain the distribution of residual stresses in joints. A fatigue damage model is developed to evaluate the fatigue damage evolution of these joints, in
which the stress concentration induced by pores is considered to
be relevant with the maximum diameter of pores. Their fatigue
lifetimes with different pore conditions are predicted regarding
the obtained residual stresses as the initial state of these calculations and show consistency with the experimental results. It is
found that the residual stresses gradually relax with the increasing
number of loading cycles due to the combined effects of the stress
redistribution and fatigue damage.
2. Fatigue damage model development
2.1. Damage-coupled elasto-plastic constitutive model
Fatigue is a process of the nucleation of micro-voids and microcracks and subsequent coalescence and propagation occurring
under cyclic loading. In the framework of CDM, the effect of these
defects on the mechanical behaviour of materials is analyzed
through a macroscopic internal damage variable in the representative volume element (RVE). The damage variable D for the isotropic
damage case is defines as the ratio of the area of defects SD to the
total section area S, as shown in Fig. 1.

SD
D¼ :
S

ð1Þ

The introduction of the damage variable leads to the effective stress
expressed as

e¼
r

r

1D

;

273

ð2Þ

where r is the Cauchy stress tensor. This effective stress is considered in a fictitious state where the material is totally undamaged
(i.e., the damage in the real state has been removed) and the effective section area is reduced to e
S ¼ Sð1  DÞ, as shown in Fig. 1.
The elasto-plastic constitutive model is used to evaluate the
stresses and strains since the plastic deformation may occur in
the weld zone due to the presence of tensile residual stresses. With
the consideration of fatigue damage, the damage variable is integrated into the Chaboche plasticity model [20,21] by using the
effective stress in lieu of the Cauchy stress in the model, which is
based on the hypothesis of strain equivalence [19]. The decomposition of total strain under the small strain assumption is expressed
by

e ¼ ee þ ep ;

ð3Þ

where the tensors ee and ep are the elastic strain and plastic strain,
respectively. The elastic law is expressed by

r ¼ ð1  DÞCe : ee ;

ð4Þ

e

where C is the fourth-order tensor of elastic moduli that can be
described by Young’s modulus E and Poisson’s ratio v . The yield
function and plastic flow are respectively expressed by
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where s and a represent the deviatoric parts of Cauchy stress and
back stress, respectively. The term k is the plastic multiplier and p_
is the accumulated plastic strain rate. In this study the isotropic
hardening law is ignored and thus the yield stress rl is assumed
to remain unchanged. The kinematic hardening law is expressed by

a¼

K
X

ak ;

ð8Þ

k¼1

a_ k ¼ ð1  DÞ



2
C k e_ p  ck ak p_ ;
3

ð9Þ

where K is the number of the back stress components. Parameters
C k and ck are material constants obtained from experiments.
2.2. Damage evolution model development
In the regime of high-cycle fatigue, the cyclic stress determines
the fatigue lifetime of the unwelded material. The evolution law of
fatigue damage in the uniaxial stress case can be expresses by [22]


b
dD
ra
;
¼a
dN
ð1  brm Þð1  DÞ

ð10Þ

where ra and rm are the stress amplitude and the mean stress,
respectively. The material parameters a, b and b are determined
from the fatigue testing of the unwelded material. Under the multiaxial stress state, the above evolution law is rewritten as [23]


b
dD
AII
¼a
;
dN
ð1  3brH;mean Þð1  DÞ
Fig. 1. Schematic view of RVE [19].

ð11Þ
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1=2
1 3
ðsij;max  sij;min Þðsij;max  sij;min Þ
;
2 2

rH;mean ¼

ð12Þ


1
rkk;max þ rkk;min ;
6

ð13Þ

in which the amplitude of octahedral shear stress AII and the mean
hydrostatic stress rH;mean are used instead of the stress amplitude
and mean stress respectively. This model can provide reasonable
predictions of the fatigue lifetimes for notched specimens made of
aluminium alloy [24]. Actually, the term AII =ð1  DÞ can be regarded
as the effective stress amplitude, representing the average effect of
damage on the reduction of load-resisting area. However, the stress
concentration effect of pores is not considered in this model.
In the numerous investigations [25–28], the pores are regarded
as high risks for the initiation and propagation of cracks. The finite
element method is widely used to calculate the stress field in the
bulk materials containing pores, which provides a simple approach
to investigate the pore-induced stress concentration effect. It was
also used to evaluate the scatter of fatigue lifetimes induced by
pores or flaws, in which the properties of the elements randomly
selected to represent the pores are reduced to 50% of virgin material properties [29]. With the development of X-ray scanning technology, the status of pores can be inspected and employed in the
simulation. However, a challenge still remains on the aspects such
as the modelling and simulation efficiency. Therefore, the distribution of pores is not considered in this study.
It was reported that the fatigue crack initiated around the pore
with maximum diameter in welded joints under different pore
conditions [30]. In the present study, the maximum pore diameter
is used to describe the stress concentration effect on the fatigue
lifetime. As the pore diameter increases, the stress concentration
factor increases and thus reduce the fatigue lifetime [31]. Therefore, the damage evolution model for welded joints is proposed as


b
c
dD
AII ð1 þ dmax Þ
¼a
;
dN
ð1  3brH;mean Þð1  DÞ

ð14Þ

where dmax is the maximum diameter of the pores and c is a material parameter that is determined through the fatigue testing of
c
welded joints. The term AII ð1 þ dmax Þ represents the effect of stress
concentration induced by pores. After the welding processes, the
variable dmax can be obtained through NDT. It is noted that the possible growth of pores under the cyclic loading is ignored during the
evaluation of fatigue damage evolution.
3. Fatigue lifetime prediction of welded joints
A recent experimental study on the aluminium alloy welded
joints showed that the porosity significantly affects their fatigue
strength [30]. The base material of the sheets with 8 mm thickness
was an Al-Zn-Mg alloy (A7N01S) under T5 heat treatment. This
material has similar chemical composition with AA7005 aluminium alloy and its mechanical properties are listed in Table 1.
The joints were welded using gas metal arc welding (GMAW) processes with 1.2 mm diameter ER5356 filler wire, of which the
material properties are also shown in Table 1. The process param-

Table 1
Material mechanical properties [30,32].
Material

Tensile strength
(MPa)

Yield stress (MPa)

Elongation
(%)

Al-Zn-Mg
alloy
ER5356

393

327

15.5

265

120

26

eters of the three passes are listed in Table 2. The processes under
five environment humidity levels were conducted to obtain different pore conditions as shown in Table 3. Fatigue samples were
machined from the welded sheets in the direction perpendicular
to the welding direction, as shown in Fig. 2. Weld reinforcements
were removed to meet the standard requirement of fatigue testing.
The stress ratio of fatigue loading was R ¼ 0 and the test frequency
was in the range of 90–110 Hz.
3.1. Residual stress analysis
The welding processes involve complex phenomena arising
from the interactions between the heat transfer, metallurgical
transformation and mechanical behaviour. Residual stresses are
induced in the heating and subsequent cooling processes, which
is critical to the fatigue assessment of welded joints. However,
the results of the residual stress field are not available in the literature [30]. Therefore, a numerical residual stress analysis is
needed.
A coupled thermal-mechanical analysis is used to evaluate the
residual stresses in the welded joints. The heat source is described
by two ellipsoid distributions in the GOLDAK model [33,34]

!
pﬃﬃﬃ
6 3f f g Q
3x2 3ðy  v tÞ2 3z2
pﬃﬃﬃﬃ exp  2 
qðx; y; z; tÞ ¼
 2 ;
n
m2f
lmf np p
l

ð15Þ

!
pﬃﬃﬃ
6 3f r g Q
3x2 3ðy  v tÞ2 3z2
pﬃﬃﬃﬃ exp  2 
qðx; y; z; tÞ ¼
 2 ;
m2r
n
lmr np p
l

ð16Þ

where Q is the heat power, g the arc efficiency, f f and f r the heat
input proportions in the front and rear regions, respectively,
f f þ f r ¼ 2. The parameters l, mf , mr and n are set as 6.0, 7.0, 9.0
and 4.5 mm, respectively [35]. The parameters g, f f and f r are
assumed to be 0.5, 1.4 and 0.6, respectively [36].
The element kill and rebirth method is employed to model the
addition of filler material during the three passes [37–39]. All the
elements in the weld zone are initially inactive before the welding
process. For each pass, the elements in the pass are activated firstly
and the welding processes are simulated by moving the heat
source on these elements. A short cooling time between these
passes is applied in the simulation. The model gradually cools
down to the room temperature after the third welding pass. The
thermal radiation and convection boundaries are set corresponding for each pass due to the model change.
Temperature-dependent physical constants and mechanical
properties are shown in Fig. 3. A perfect yield model is used which
ignores the plastic hardening. It is reported that the simulation
results obtained by using the perfect yield model is nearly identical
to those obtained by using the model considering the strain hardening [35]. The filler material ER5356 is different from the base
material. It will be more reasonable to consider this difference if
the thermal and mechanical properties of both materials are
implemented in the simulation of the residual stress. However,
the temperature-dependent properties of the material ER5356
are not available in the literature. Therefore, the difference
between the material properties of the base material and filler
material is not considered in this study. The phase transformation

Table 2
Welding process parameters [30].
Pass

Peak current (A)

Voltage (V)

Speed (mm/min)

1
2
3

170–189
174–195
176–191

20.3–22.7
21.4–22.9
22.1–23.2

600–656
636–656
500–525
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Table 3
Pore conditions under different humidity levels [30].
Humidity (%)

Mean size (mm)

Maximum diameter (mm)

Maximum area (mm2)

Total area (mm2)

50
60
70
80
90

0.00005
0.0012
0.005
0.0018
0.0004

0.06
0.11
0.72
0.29
0.16

0.0017
0.0078
0.3344
0.0484
0.0188

0.002
0.14
0.96
0.35
0.21

Fatigue specimen

z

y

Welding direction

x
Fig. 2. Schematic view of the welding configuration and fatigue specimen.

1.4

1.3

Heat conductivity
(100 W/m/ C)

is also not taken into account. The welding direction is along the ydirection, as shown in Fig. 2. The displacements of two side surfaces are constrained and the displacement along the z-direction
of the bottom surface is fixed to eliminate the distortion induced
by the welding processes.
The residual stresses in x- and y-direction along the path on the
top surface are depicted in Fig. 4. The longitudinal stress ry with
the maximum value of around 360 MPa is larger than the transverse stress rx . Both residual stresses decrease from the tensile
state in the weld zone to the compression state and then approach
to zero as the position is away from the welding centreline. Fig. 5
shows the distribution of rx on the gauge part of the middle cross
section in joints. The maximum value occurs beneath the top surface. The similar results were reported in the literature [40].
Because the cyclic loading is applied in the x-direction, the residual
stress along this direction is critical to the prediction of fatigue
damage and lifetime. The multiaxial residual stress filed obtained
in this analysis will be imported into the subsequent fatigue damage analysis.

3.2. Determination of material parameters

1.2

1.1

The material parameters of the Al-Zn-Mg alloy in the elastoplastic constitutive model are calibrated using monotonic or cyclic
stress-strain data. The integration of Eq. (9) under the uniaxial
loading leads to the stress-strain curve expressed as

Specific heat
(1000 J/kg/ C)

1

r¼
-3

Density =2.8x10 g/mm

0.9
0

100

200

300

400

3

K
X
Ck
k¼1

500

600

Temperature ( C)

ck

ð1  eck ep Þ þ ry :

ð17Þ

The least square fitting is employed to obtain the parameters C k and

ck , as shown in Fig. 6. In this study, two groups of back stresses are

used (K ¼ 2). The material parameters of the constitutive model are
determined as listed in Table 4.

(a)
7
E (10 GPa)

6

400
x

5

y

(100 MPa)

Expansion coefficient
-5
(10 / C)

3
2
1
0
0

100

200

300

400

500

Residual stress (MPa)

4

y

300

200

100

0

600

Temperature ( C)

(b)

-100
-50

-40

-30

-20

-10

0

10

20

30

40

Distance from the weld centerline (mm)
Fig. 3. Temperature-dependent physical constants (a) and mechanical properties
(b).

Fig. 4. Distributions of residual stresses rx and ry along the path.
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z

σ x (MPa)

y
x
Cross section

Fig. 5. Contour of residual stress rx on the cross section.

fatigue lifetimes predicted by the numerical approach proposed in
the next subsection agree with the testing results (fatigue lifetimes
around 1  106 cycles under five humidity conditions). The material
parameters of the damage evolution model are listed in Table 5.

450
400

Stress (MPa)

350
300

3.3. Fatigue damage analysis

250
200
150
100
Experimental curve
Elasto-plastic model

50
0
0

0.002

0.004

0.006

0.008

0.01

Strain
Fig. 6. Stress–strain curve for the Al-Zn-Mg alloy.

For the damage evolution model, the integration of Eq. (11)
from D ¼ 0 to D ¼ 1 under the uniaxial loading condition results
in the fatigue lifetime-stress curve

N¼


b
1
ra
:
að1 þ bÞ 1  brm

ð18Þ

The parameters a, b and b are determined through fatigue testing of
the unwelded specimens under different stress ratios or mean stresses [41]. The integration of Eq. (14) for the welded specimens gives

N¼

1
að1 þ bÞ



b

ra ð1 þ dc Þ
1  b rm

:

The obtained residual stress field is used as the initial condition
of the fatigue damage analysis. As shown in Fig. 7, the weld zone
including the FZ and HAZ is in the middle part of the specimen.
The length of the weld zone in the x-direction can be set as
20 mm based on the residual stress results in Fig. 4. It is noted that
the damage-coupled constitutive model used here is different from
that in the residual stress analysis. Since the pores induced by
welding processes only exist in the weld zone, the evolution of fatigue damage in this zone is calculated by Eq. (14). The base material
can be regarded as non-porous media and its damage evolution is
evaluated by using Eq. (11).
The damage-coupled elasto-plastic constitutive model and
damage evolution model are implemented through the userdefined subroutine called at all material integration points at the
beginning of each time increment. The stresses and solutiondependent state variables are updated at the end of each time
increment, which is followed by the update of the corresponding
Jacobian matrix. [42–47]. Because it is computationally expensive
to simulate each loading cycle, the jump-in-cycles procedure is
adopted in the numerical implementation, which assumes that
the stress, accumulated plastic strain and damage variable remain
unchanged in a finite period of DN cycles. A simplified flowchart of
the numerical algorithm is shown in Fig. 8 and the detailed computational procedures can be referred in the literature [15,16,48].

ð19Þ
4. Results and discussion

The parameter c is needed to determine through the experimental
data of welded specimens. In this study, the testing data with fatigue lifetimes around 1  106 cycles under five humidity conditions
are used to determine this parameter [30]. However, it is impossible
to obtain the material parameter c by directly using Eq. (19) that
only considers the effect of porosity because the fatigue testing
includes the combined effects of the residual stresses and porosity.
The trial and error method is used to identify this parameter, as the

4.1. Fatigue lifetime results
The fatigue lifetimes of welded joints with different pore conditions are illustrated in Fig. 9 [30]. The vertical axis represents the
amplitude of the applied fatigue stress and the horizontal axis is
the logarithm scale of number of cycles to cause failure. Pores with
the maximum diameter and maximum possession rate occur in the

Table 4
Material parameters of the constitutive model.
E (MPa)

t

rl (MPa)

C 1 (MPa)

c1

C 2 (MPa)

c2

68000

0.3

327

23777

326.6

76774.7

1940.7
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Table 5
Material parameters of the damage evolution model.
a

b

c

b

2.4766e29

0.0003

0.4406

9.4321

dmax=0.06

Weld zone

dmax=0.11
dmax=0.16
dmax=0.29

z

dmax=0.72

y
Base material

x

Fig. 7. Model of welded specimen.
Fig. 9. Testing and prediction results for the fatigue lifetimes of welded joints.
Residual stress analysis

Calculation of the residual stress
field through a coupled
thermal-mechanical analysis

the condition of dmax = 0.06, which still fall within the three scatter
bands. Nevertheless, the predicted results agree well with the testing data.
The stress concentration factors induced by pores are listed in
Table 6. Taking the condition of dmax = 0.72 as an example, the elastic stress concentration factor induced by single pore embedded in
bulk materials is around 1.90, which is slightly larger than the
c
result calculated by 1 þ dmax . It is because that the plastic deformation occurs in the welded zone. Therefore, the reduction of fatigue
lifetimes caused by the porosity is significant due to the high stress
concentration.

Initialization of the material
parameters in the fatigue model

Fatigue damage analysis

Calculation of cyclic stresses and
strains

Accumulation of
fatigue damage
dD
Dn 1 Dn
N
dN

D 1?
Yes

No

4.2. Evolution of fatigue damage
Modification on the
material properties in
updated loading cycles

Nn

1

Nn

N

End
Fig. 8. Flowchart of the numerical simulation.

condition of 70% humidity. It is shown that the fatigue strengths
exhibit an inversely proportional relationship with the maximum
diameter. The fatigue limit reduces from about 104 MPa to
69 MPa as the maximum diameter increases from 0.06 to
0.72 mm. Through the fracture morphologies analysis of broken
joints, the fatigue cracks mainly originate from the largest pore
and lead to the final failure. Because both the residual stresses
and porosity exist intrinsically in the welded specimens, their combined effects on the fatigue lifetimes are investigated in this study.
The predicted results of fatigue lifetimes are also illustrated by
the marked lines in Fig. 9. In the simulation, the obtained residual
stress field is assumed to be identical for all specimens under different humidity conditions. The maximum pore diameter listed in
Table 3 is used to evaluate the stress concentration. Therefore, the
differences of the residual stresses and porosity in specimens
under the same humidity level are not considered in this study.
Also the scatter of testing results cannot be described through this
CDM approach. The maximum deviations between the predicted
and testing results occur in the cases near the fatigue limit under

The simulation under the conditions ra = 100 MPa and
dmax = 0.72 mm is used to describe the evolution of fatigue damage.
The damage distribution on the gauge part of the middle cross section is shown in Fig. 10 before the initiation of fatigue crack. The
fatigue damage concentrates in the tensile residual stresses zone.
The maximum damage close to the critical value 1.0 occurs at
the position of the maximum residual stress rx due to its same
direction as the applied cyclic loading. The evolution of fatigue
damage at this point is shown in Fig. 11. In the first half period
of whole lifetime, the fatigue damage increases slowly as the number of cycles increases. A linear relationship between the fatigue
damage and number of cycles is observed. When the fatigue damage reaches around 0.3, its growth increases significantly, leading
to the specimen failure.
The total stress in the weld zone is the superposition of the
residual stresses and external cyclic loading. The maximum Mises
stress calculated in the first cycle already exceeds the yield stress.
The materials in the plastic zone are hardened after the first cycle.
Due to the zero stress ratio, no compression plastic deformation
can exist. If the fatigue damage is not considered in the constitutive
model, plastic strain will no longer occur after the first loading
cycle. In this study, the material properties degenerate with the
accumulation of fatigue damage and thus the yield function will
be satisfied in the subsequent fatigue loading cycles [49]. The accumulation of accumulated plastic strain for the material at the point
with maximum damage is also illustrated in Fig. 11, which indicates that the plastic strain exits in each block of DN cycles. The
increment of the plastic strain in the first cycle is obvious. After
the hardening of the materials, the plastic strain is induced by
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Table 6
Stress concentration factor induced by pores.
dmax (mm)
1þ

c
dmax

0.06

0.11

0.16

0.29

0.72

1.2895

1.3781

1.4460

1.5796

1.8652

z
y
x

Fig. 10. Damage contour on the gauge part of the middle cross section for ra = 100 MPa, dmax = 0.72 mm.

Without fatigue damage

Fig. 11. Evolution of the fatigue damage and accumulated plastic strain at the
maximum damage point.

the fatigue damage in the following cycles. Therefore, its evolution
with respect to the number of loading cycles is quite similar as that
of the fatigue damage, as shown in Fig. 11.
4.3. Residual stress relaxation
The process of residual stress relaxation is also investigated
through the prediction under the conditions ra = 100 MPa and
dmax = 0.72 mm. The relaxation of two components of the residual
stresses for the material at the point with maximum damage is
illustrated in Fig. 12. A dramatic drop of both components is
observed in the first cycle. Especially, the decrease of the component rx from about 300 MPa to 248 MPa is more obvious than that
of ry. It is because the external cyclic stress is applied in the xdirection and thus the plastic strain in this direction is much larger
than that in the y-direction. In the loading period of the first cycle,
the significant plastic strain leads to the redistribution of the residual stresses due to the obvious plastic strain [50]. After that there is
an elastic unloading period until the complete disappearance of the

Fig. 12. Residual stress relaxation at the maximum damage point for ra = 100 MPa,
dmax = 0.72 mm.

external cyclic loading because of the zero stress ratio. In the subsequent cycles, the plastic deformation induced by the fatigue
damage still exists as shown in Fig. 11 and therefore the residual
stresses decrease gradually. The speed of the residual stress relaxation increases as the fatigue damage increases, especially for the
stress rx. If the fatigue damage is not incorporated into the constitutive model, the elastic shakedown will be observed and the
residual stresses will remain a stabilized state after the first cycle,
as the dash-dot line shown in Fig. 12. It is indicated that the relaxation of the residual stresses is the combined effects of the plastic
deformation and fatigue damage.
5. Conclusions
This study investigated the fatigue damage evolution of welded
joints under cyclic loading with the consideration of residual stresses and porosity in a CDM approach. A coupled thermalmechanical analysis was used to evaluate the residual stresses in
the welded specimens. The multiaxial tensile residual stresses concentrate in the weld zone and the maximum value is close to the
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material yield stress. The residual stress field is then used as the
initial state of the fatigue damage analysis. A fatigue damage
model that considers the elasto-plastic deformation and stress
concentration induced by the pores are employed to predict the
fatigue lifetimes of joints with different pore conditions.
The proposed CDM approach can provide reasonable predictions of fatigue lifetimes for welded joints with detectable pores
induced in the welding processes. It is also indicated that the
weld-induced residual stresses should be taken into account in
the fatigue damage analysis. Due to the material damage, the elastic shakedown after the plastic deformation in the first cycle is not
observed and the plastic strain exists in the successive cycles. A
dramatic relaxation of the residual stresses occurs in the first cycle
due to the large plastic deformation. In the subsequent cycles, the
residual stresses also gradually decrease due to the fatigue damage. Therefore, the relaxation of the residual stresses is attributed
to the combined effects of the plastic deformation and fatigue
damage.
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