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Abstract. The prediction of residual stress relaxation is essential to assess the safety of welded components.
This paper aims to study the inﬂuence of various effective parameters on residual stress relaxation under cyclic
loading. In this regard, a 3D ﬁnite element modeling is performed to determine the residual stress in welded
aluminum plates. The accuracy of this analysis is veriﬁed through experiment. To study the plasticity effect on
stress relaxation, two plasticity models are implemented: perfect plasticity and combined isotropic-kinematic
hardening. Hence, cyclic plasticity characterization of the material is speciﬁed by low cycle fatigue tests. It is
found that the perfect plasticity leads to greater stress relaxation. In order to propose an accurate model to
compute the residual stress relaxation, the Taguchi L18 array with four 3-level factors and one 6-level is
employed. Using statistical analysis, the order of factors based on their effect on stress relaxation is determined
as mean stress, stress amplitude, initial residual stress, and number of cycles. In addition, the stress relaxation
increases with an increase in mean stress and stress amplitude.
Keywords: Taguchi / stress relaxation / plasticity / cyclic load / aluminum

1 Introduction
Welding has been widely used in production and repair of
components. Due to high-localized temperature during
welding and subsequent rapid cooling, the tensile residual
stress is developed in and near to the weld area, which can
signiﬁcantly reduces the life expectancy of structures [1–3].
To extend the service life of engineering structures, there
are different methods to reduce the harmful tensile residual
stress, such as the heat treatment [4,5], shot peening [6–8],
and mechanical loading [9–23]. However, the welded
structures tolerate the residual stress as well as the stress
resulted by in-service mechanical loads. Therefore, to
assess the safety of structures, it is necessary to take into
account the residual stress redistribution. It is understood
that when the total stress exceeds than the local yield stress
of material, the residual stress relaxation occurs as a result
of plastic deformation. To predict the plasticity, different
constitutive models from simple elastic-perfectly plastic to
more complicated rules have been developed. Some studies
used the analytical method for modeling the residual stress
relaxation [9–11]. Such methods typically make some
simplifying assumptions and, as a result, were unable to
* e-mail: ali_pourkamali@srttu.edu

accurately model the complexities involved with the 3D
welding residual stress. Therefore, numerical method based
on the ﬁnite element (FE) analysis has been developed.
Yi and Lee [12] carried out the FE analysis to evaluate the
residual stress relaxation in the steel welded plates under
cyclic load. They considered the stress relaxation only on
the axial direction. Moreover, they did not taken into
account the material hardening. Barsoum [13], and
Katsuyama and Onizawa [14] also studied the welding
residual stress relaxation without cyclic plasticity modeling. They performed FE analysis based on the elasticperfectly plastic behavior. Since these studies did not
consider the cyclic plasticity hardening, the residual stress
state was not accurately predicted. Katsuyama et al. [15]
considered a bilinear stress–strain equation with linear
kinematic hardening to study the welding residual stress
relaxation under repeated loading. They observed that the
higher loading caused the greater relaxation. Dattoma
et al. [16] assumed the isotropic hardening behavior to
predict the stress relaxation. They concluded that the
stress relaxation occurs only in the ﬁrst cycle. Their results
revealed that the stress relaxation depends not only on the
load amplitude but also on the load direction. Qian et al.
[17] showed that the different types of steel exhibited very
different residual stress relaxation behavior. Gannon et al.
[18] used the constitutive model combined of perfectly
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plastic behavior and the kinematic hardening model.
They concluded that for shipbuilding steel, the kinematic
hardening has a little inﬂuence on stress relaxation.
They also showed that the residual stress reduction occurs
entirely during the ﬁrst cycle if the magnitude of the cyclic
load is not subsequently exceeded. Cho and Lee [19] studied
the interaction between the residual stress and cyclic
loading in a welded steel pipe. They proposed a kinematic
hardening model [20] to take into account the cyclic plastic
strain. Their simulation indicated that the stress relaxation
depends on the direction and magnitude of external load.
Xie et al. [21] proposed a model to predict the residual
stress relaxation in the welded plates based on the
experimental and FE results. They used the combined
isotropic and kinematic hardening in the constitutive
model. Farajian et al. [22,23] measured the initial and
relaxed residual stresses in the welded plates under cyclic
load by means of X-ray method. They concluded that the
stress relaxation occurs at the ﬁrst loading cycle when the
von Mises stress exceeds than the monotonic yield
strength.
It is clear that the welding residual stress relaxation is
a complex phenomenon, which depends upon a wide range
of variables. Further, experimental design is a useful
method to identify the effective parameters and their
impacts on response variable. In this study, experimental
design is done to study the characteristics of welding
residual stress relaxation under cyclic load. First, a 3D FE
model is developed to predict the initial residual stress.
Moreover, to validate the model, the predicted residual
stress was compared with the experimental result.
Subsequently, the analysis is developed to apply the cyclic
load, with various amplitudes and cycle numbers. The
stress relaxation is highly dependent on the plasticity,
particularly in metals that show strain hardening. To study
the plasticity behavior on stress relaxation, two different
models are used: (1) perfect plasticity, and (2) combined
nonlinear isotropic-kinematic hardening. Hence, cyclic
plasticity characterization of the material is speciﬁed by
low cycle fatigue tests. In order to provide a simple
analytical model for prediction the stress relaxation, the
Taguchi L18 array with one 6-level factor and four 3-level
factors is used. The speciﬁcation of cyclic load and the
initial welding residual stress were chosen as the design
factors. Variance analysis is also performed to determine
the impact and contribution of each factor on the residual
stress relaxation.

2 Experimental procedure
The experimental procedure consists of two steps: material
properties and specimen production, and residual stress
measurement, as described below.
2.1 Material properties and specimen production
The experimental specimen was prepared through singlepass butt-welding of the 5000-series aluminum plates with
length 350 mm, width 250 mm, and thickness 2 mm.
The GTAW process was done with welding parameters

Table 1. Parameters of the welding process.
Current-AC
(A)

Voltage
(V)

Speed
(mm s−1)

Shielded
gas

170

10

1.6

Argon

Fig. 1. Temperature-dependent properties of material.

Fig. 2. Specimen geometry of high temperature tensile test [25].

given in Table 1. The thermal speciﬁcations [24] and
the mechanical properties of the material versus to the
temperature are plotted in Figure 1. Due to the high impact
of yield strength on the welding residual stress, the
mechanical properties were determined by high-temperature tensile test, based on the ASTM E 21 standard [25].
The specimen geometry, which was used in this test, is
shown in Figure 2.
2.2 Residual stress measurement
During the past years, various techniques have been
developed to measure the residual stress in welded
structures. Among these methods, the hole-drilling is
a widely used technique. It offers advantages of good
accuracy and reliability, standardized test procedure, and
non-signiﬁcant damage [26]. In this study, in order to verify
the FE analysis, the welding residual stresses were
measured through the incremental hole-drilling method.
In this method, a small hole is drilled in an incremental
number of steps and the corresponding strains are
measured on the surface. The residual stresses are
calculated with these measured strains. Hence, ﬁve strain
gages of type rosette were bonded to the specimen surface
as shown in Figure 3. The blind-holes with depth 1 mm
were drilled precisely at the center of the rosette using
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Fig. 3. Residual stress measurement (a) strain gauge position
(b) drilling process.

3

Fig. 4. FE model of the welding simulation.

Table 2. Stages of the welding simulation.
Stage number

Stage time (s)

Stage speciﬁcation

Stage 1
Stage 2
Stage 3

219
2500
1

Heating (welding time)
Cooling
Releasing the clamps

an air-turbine at rotation speed 300,000 rpm, feed rate
0.2 mm/min, depth increment 0.05 mm, and delay time 5
seconds. The cutting tool was a tungsten carbide inverted
cone end mill with 1.6 mm in diameter and six cutting
edges.
The depth of each hole was 1 mm, being drilled in 20
steps 2.3 of 50 mm each.

3 Welding simulation of the butt-jointed
plates
3.1 General consideration
The thermo-elasto-plastic analysis was performed based on
the couple method between the thermal and mechanical
solutions. The analysis was done in three stages as seen in
Table 2. The 3D FE model was constructed and meshed
using ABAQUS software, as shown in Figure 4. For the
boundary condition, the nodes at distance 16 mm from the
weld centerline were ﬁxed due to the clamps of welding
machine, and then released due to removing the clamps.
The thermal gradient is highest at the welded zone, so the
ﬁner mesh size was used near the weld. The identical
geometry and mesh conﬁgurations were utilized in the
thermal and mechanical analyses. Whereas, the element
types DC3D20 and C3D20R were used in the thermal and
mechanical analyses, respectively.
3.2 Thermal analysis
For the heat source simulation, the most popular model,
proposed by Goldak et al. [27] was used. In this model,

Fig. 5. Double-ellipsoidal heat source model [27].

the heat distribution for the front and rear ellipsoids
(Fig. 5) were calculated separately as follows [27]:
pﬃﬃﬃ


6 3hQf f
3x2 3y2 3z2
ð1Þ
exp  2  2  2
qf ðx; y; zÞ ¼ pﬃﬃﬃ
c
af
p paf bc
b
pﬃﬃﬃ


6 3hQf r
3x2 3y2 3z2
p
ﬃﬃﬃ
qr ðx; y; zÞ ¼
exp  2  2  2
c
ar
p par bc
b

ð2Þ

where, af, ar, b, and c are the dimensional constants of
the Goldak’s model, Q = VI is the total heat input, h is the
thermal efﬁciency which is assumed to be 60% for the
GTAW process [28], and ff and fr are the heat fraction
coefﬁcients in the front and rear ellipsoids, respectively,
ff + fr = 2 [27]. In this study, af, ar, b, and c are considered 4,
12, 4, and 2 mm, respectively and ff and fr are 1.5 and 0.5.
3.3 Mechanical analysis
Total strain rate during welding is decomposed into the
four components [29]:
e_ t ¼ e_ e þ e_ p þ e_ th þ e_ pt

ð3Þ

where e_ e , e_ p , e_ th , and e_ pt are the elastic, plastic, thermal, and
solid-state phase transformation strain rates, respectively.
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Fig. 6. (a) Longitudinal and (b) transverse residual stress distributions.

During welding of the 5000 series-aluminum, solid-state
phase transformation does not occur, so e_ pt is ignored.
3.4 Result of welding simulation
Figure 6 shows the predicted and the measured residual
stresses. The stresses were extracted from the midsection
perpendicular to the weld line. As seen, the maximum
longitudinal residual stress (160 MPa) equals to the yield
strength, approximately. Whereas, the maximum transverse residual stress (34 MPa) is much lower than the yield
strength. Hence, a good agreement was found between the
test and the FE analysis.

4 Simulation of the welding residual stress
relaxation under cyclic loading
4.1 Plastic constitutive model
By using the von Mises criterion, the yield function can be
expressed as [30]:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f ¼ 3=2ðs D  XD Þ: ðs D  XD Þ  s 0  R
ð4Þ
where, s D is the deviatoric part of the stress tensor, XD is
the deviatoric part of the back stress, s 0 is the initial yield
stress, and R is the isotropic hardening variable.
4.1.1 Isotropic hardening
The isotropic hardening (IH) assumes the uniform
expansion without translation of the yield surface within
the stress space, which can be explained by the following
equation [30]:


ð5Þ
R ¼ q 1  ebp
where, p is the equivalent plastic strain, b determines the
rate of isotropic hardening change, and q is the maximum
change in the size of the yield surface.

4.1.2 Nonlinear kinematic hardening
The kinematic hardening assumes that the yield surface
translates in the stress space without any expansion.
The nonlinear kinematic hardening model (NLKH) can be
expressed as [31]:
dX ¼ C ðs D  XÞdp  gXdp

ð6Þ

where, C and g are the material parameters describing the
nonlinear kinematic hardening. ABAQUS software provides a method to directly implement the combined
isotropic and kinematic hardening model using empirical
data of cyclic strain-controlled test and static tensile test
[32].
4.2 Cyclic plasticity response
The low cycle fatigue (LCF) tests were performed based on
the ASTM E606 standard [33] to characterize the cyclic
hardening properties. The strain-controlled tests were
carried out on ﬂat specimens by a servo-hydraulic testing
machine with 100 KN capacity (Fig. 7), sinusoidal wave
shape, and frequency of 1 Hz. The cyclic stress–strain
curves were determined using the companion test method.
This method requires a series of test specimens, which each
specimen is subjected to a constant strain amplitude [34].
The tests were carried out on each specimen until it
fractured in two parts. Figure 8 shows the variation of
stress amplitude with the number of cycles for strain ranges
of 1.1%, 1.2%, and 1.9%. As seen, the material presents
signiﬁcant hardening due to cyclic loading.
4.3 FE analysis with cyclic loading
To study the plasticity behavior on the residual stress
relaxation, two different plasticity constitutive models
were implemented into the FE analysis: (1) perfect
plasticity without hardening (NH), and (2) combined
isotropic hardening with nonlinear kinematic hardening
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Fig. 8. Variation of stress amplitude with number of cycles.

Fig. 7. LCF tests (a) experimental setup (b) specimen geometry
[33].

Fig. 9. (a) Longitudinal, (b) transverse residual stress distributions after cyclic loading with Sa = 100 MPa for NH model.

(IH&NLKH). In this analysis, the same FE model of the
welding simulation was used, except that the boundary
condition and the loading were modiﬁed. The residual
stress ﬁeld determined in previous section was used as the
initial load. The fully reversed cyclic loading, parallel to
the weld line, was applied to the one end of the plate and
the other end was ﬁxed.
Figures 9 and 10 show the longitudinal and transverse
residual stress distributions after different number of cycles
with the load amplitude Sa = 100 MPa for NH and
IH&NLKH models, respectively. As can be seen, for both
plasticity models the tensile residual stress in the
longitudinal and the transverse directions will be decreased
by the cyclic loading. However, the relaxation is limited to
the initial cycle, which the residual stress stabilized after
that, i.e. the subsequent cycles do not contribute to the
relaxation signiﬁcantly. In addition, the stress relaxation
along the longitudinal direction is greater than that along
the transverse direction.

Figures 11 and 12 show the stabilized longitudinal
residual stresses at different load amplitudes for NH and
IH&NLKH models, respectively. As seen, the external
cyclic load causes redistribution in the welding residual
stress. It can be concluded that the amount of relaxation
depends on the level of applied cyclic load, i.e. a higher load
amplitude results in a greater residual stress change.
Figure 13 shows the percentage reduction of the
longitudinal residual stress due to relaxation versus to
the load amplitude (data is extracted at a distance of
16 mm from weld centerline). This ﬁgure indicates that
the NH model causes a greater stress relaxation than the
IH&NLKH model. The reason is that the magnitude of the
stress relaxation depends on the accumulated plastic
strain, which is stronger in the perfectly plastic model.
Experiments have shown that the 5000-series aluminums
exhibit cyclic strain hardening with the Bauschinger effect
[35]. However, the perfectly plastic model assumes no strain
hardening in tension and compression; the initial yield
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Fig. 10. (a) Longitudinal, (b) transverse residual stress distributions after cyclic loading with Sa = 100 MPa for IH&NLKH model.

Fig. 11. Stabilized longitudinal residual stress at different load
amplitude for NH model.

Fig. 13. Percentage reduction of longitudinal residual stress
versus to load amplitude.

function is unchanged in the stress space during plastic
deformation. Therefore, to more accurate assessment of the
welding residual stress relaxation in aluminum-welded
plates, the IH&NLKH model should be used, which will be
utilized in the subsequent section.

5 Design of experiments

Fig. 12. Stabilized longitudinal residual stress at different load
amplitude for IH&NLKH model.

Since there are many effective parameters on the welding
residual stress relaxation, design of experiments based on
the Taguchi method [36] was done to study the impact of
main parameters. The characteristics of the cyclic load
consist of stress amplitude (Sa), mean stress (Sm), and
number of cycles (N) were selected as the loading
parameters, and the maximum von Mises of the initial
welding residual stress (s Irs) was selected as the technological parameter. Based on the number of design factors
and their levels, the Taguchi L18 array was used in the
experimental design, as shown in Table 3. The maximum
von Mises of the residual stresses after applying the cyclic
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Table 3. Design factors and their levels.
Experiment
no.

N

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

1
1
1
2
2
2
4
4
4
8
8
8
16
16
16
32
32
32

Sm
(MPa)

Sa
(MPa)

s Irs
(MPa)

30
60
90
30
60
90
30
60
90
30
60
90
30
60
90
30
60
90

20
40
60
20
40
60
40
60
20
60
20
40
40
60
20
60
20
40

110
135
150
135
150
110
110
135
150
150
110
135
150
110
135
135
150
110
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Table 4. Average values of relaxed residual stresses in
every level of each factor (MPa).
Level

N

Sm

Sa

s Irs

1
2
3
4
5
6
Delta
Rank

74.1
73.5
73.3
73.1
73.3
73.2
1.1
4

94.6
73.8
49.4
–
–
–
45.1
1

86.4
73.2
58.2
–
–
–
28.1
2

78.8
69.1
70.5
–
–
–
9.1
3

Fig. 15. Design factor effects on the relaxed residual stress.

causes the relaxed residual stress to reduce, while the effect
of the number of cycles is rather insigniﬁcant.
Fig. 14. Relaxed residual stresses for all experiments (MPa).

5.2 Regression analysis
loading, namely relaxed residual stress, (s Rrs) was selected
as the response variable. Using the FE analysis, the
response variable values were determined for all experiments, as plotted in Figure 14.
5.1 Taguchi analysis
The results of the Taguchi analysis are given in Table 4.
This table presents the averages of the relaxed residual
stresses for every level of design factors. Delta is the
maximum difference of response variable between the
levels of each factor, and Rank speciﬁes the rank of each
factor based on the Delta values. As seen, the order of
factors based on their effects on the relaxed residual stress
is determined as follows: mean stress, stress amplitude,
initial residual stress, and ﬁnally number of cycle. This can
be also observed in the plot of design factor impacts shown
in Figure 15. As seen, the mean stress and the stress
amplitude affect the relaxed residual stress signiﬁcantly;
an increase in the mean stress and the stress amplitude

The regression analysis was performed to derive the
relationship between the design factors and the response
variable. By this analysis, the relaxed residual stress was
estimated through the following ﬁrst order equation,
s Rrs ¼ 172:7  0:0153N  0:7522S m  0:7031S a
0:2083s Irs ;

R2 ¼ 97:5%:

ð7Þ

In equation (7), each numerical coefﬁcient reveals the
importance of the corresponding parameter. In addition,
the negative sign of coefﬁcients declares reduction of the
relaxed residual stress. In this study, the high value of R2
(variation percentage of the response) indicates that the ﬁt
of the experimental data to the model is satisfactory.
5.3 Analysis of variance
Analysis of variance (ANOVA) was then carried out to
interpret the results of the experiments and detect
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the amount of contribution of each variable. The ANOVA
result for the ﬁrst order regression is shown in Table 5.
The sum of squares indicates the relative importance of
each factor; the factor with the biggest sum of squares has
the greatest impact. The p-value also shows the signiﬁcance
level of each factor; a smaller p-value corresponds to
a greater signiﬁcance. Table 5 indicates that mean stress
(p = 0), stress amplitude (p = 0), initial residual stress
(p = 0.004), and number of cycles (p = 0.56) in this order
are the most signiﬁcant factors affecting the relaxed
residual stress. Moreover, mean stress with 68.5%
contribution has the most impact on the relaxed residual
stress. Notice that these conclusions are consistent with the
Taguchi analysis results.
Figure 16 shows the residual plots for the proposed ﬁrst
order equation. This ﬁgure can be used to asses if the model
satisﬁes the assumptions of the analysis. A residual is the
difference between an observed value and its corresponding
ﬁtted value. The normal probability plot approximately
follows a straight line. This means that the data are
normally distributed. Histogram of the residuals also
Table 5. ANOVA results for the ﬁrst order regression.
Source

Sum of squares

p-value

Contribution

N
Sm
Sa
s Irs
Error

6
6110
2373
213
–

0.56
0
0
0.004
–

0.07%
68.5%
26.6%
2.4%
2.4%

indicates that the data is not skewed and normally
disturbed. In addition, the residual versus order plot
displays no pattern in distribution of data, which indicates
that the residual values are independent of each other.
In order to verify the regression analysis, the results of
the FE method were compared with the values derived
from equation (7) as shown in Table 6. As seen, the
maximum relative difference is 12%. This is compatible
with the residual plots.

6 Conclusions
This paper studied the inﬂuence of the main parameters on
the residual stress relaxation of aluminum welded-plates
under cyclic loading. The induced residual stress for the
welded plates was predicted using FE analysis.
The experimental residual stress measurements are in
good agreement with the predicted stresses. To study the
plasticity effect on the stress relaxation, two different
models were considered: perfect plasticity, and combined
nonlinear isotropic-kinematic hardening. In addition, the
effect of various loading and technological parameters on
the stress relaxation was studied through the Taguchi
method. In summary, the following conclusions can be
drawn from this research:
– The residual stress relaxation is highly dependent on the
plasticity behavior. The NH causes to a greater
relaxation compared to IH&NLKH.
– The IH&NLKH model successfully predicts the redistribution of welding residual stress in a strain hardening
aluminum due to its ability to precisely determine the
accumulated plastic strain.

Fig. 16. Residual plots for the ﬁrst order regression.
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Table 6. Comparison between the results of the FEM and
the model (MPa).
Experiment
no.

FEM

Equation (7)

Difference
(%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

106
72
32
110
70
43
101
53
60
79
96
44
95
65
59
77
86
58

113
71
32
108
68
40
99
57
60
77
90
49
91
62
63
79
82
53

6
−1
−1
−2
−3
−8
−2
8
−1
−2
−6
12
−4
−5
7
3
−5
−8

– The residual stress is stabilized after the ﬁrst cycle and
the amount of stress relaxation occurred in subsequent
cycles is insigniﬁcant.
– Increase in the mean stress and the stress amplitude
cause the stress relaxation to increase, while the effect of
number of cycles is rather insigniﬁcant
– The most signiﬁcant factors on welding residual stress
relaxation in the order of signiﬁcance are the following:
the mean stress, the stress amplitude, the initial residual
stress, and the number of cycles.

Nomenclature
af, ar, b, c
b
C
f
ff, fr
N
p
p-value
q
Q
R
Sa,Sm
XD
g

Dimensional constants of the Goldak’s
model (mm)
Rapidity of isotropic hardening change
Nonlinear kinematic hardening parameter
(MPa)
Von Mises yield function (MPa)
Heat fraction in front and rear ellipsoids of
the Goldak’s model
Number of cycles
Equivalent plastic strain
Probability value
Saturated value of isotropic hardening
(MPa)
Total heat power of welding source (W)
Isotropic hardening value (MPa)
Stress amplitude and mean stress (MPa)
Deviatoric part of back stress tensor (MPa)
Nonlinear kinematic hardening parameter

9

e_ e , e_ p , e_ th ; e_ pt Elastic, plastic, thermal, and phase transformation strain rates
h
Thermal efﬁciency of welding heat source
Initial yield stress (MPa)
s0
Deviatoric part of the stress tensor (MPa)
sD
Von Mises values of initial and relaxed
s Irs, s Rrs
welding residual stresses (MPa)
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