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Abstract Weld-induced residual stress inevitably exists in the
vicinity of the weld bead and may have a deleterious effect on
the weld joint. In the shipyard industry, butt welds of dissim-
ilar thickness plates are a widely used welding geometry type.
Predicting the magnitude and distribution of residual stress
and distortion are of significance in the design of structural
components. In this work, a fusion welding simulation is stud-
ied and verified by coupling thermal-mechanical analysis, and
the ‘full-elastic element’ technique is introduced in simulation
model to improve the convergence of nonlinear calculations
The prediction of weld-induced residual stress on the butt
weld between similar and dissimilar thicknesses of steel plates
is performed by thermal elastic-plastic finite element (FE)
analysis. This exploration predicts the process of thermal cy-
cle loads acting on the weld components as well as residual
stress states. The results conclude that the geometry of weld
joints significantly affects the residual stress distribution and
magnitude, which presents some challenges to tolerance in
structural design.

Keywords Butt-welded plate . Dissimilar thickness .

Residual stress . Finite element simulation . Austenitic
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1 Introduction

Welding is a significant fabrication technique for structure
connection in structural design and construction, because it
is convenient and affordable for many types of complicated
structures andmaterials. However, it also presents a number of
difficult problems to the manufacturing community.
Unexpected failure may occur since the residual stresses
(RS) are combined with external loadings acting on materials
and components, together with the presence of unknown de-
fects or a poor microstructure, which have dangerously effect
on the safety and integrity of welded structures in service.
Therefore, RS often plays a determine role in different failure
mechanisms [1]. Butt welding of dissimilar thickness plates is
an ordinary type of welding geometry in the design practice,
especially in shipyards.Weld-induced RS and distortions have
significant influence on the fatigue life of a welded structure.
Knowledge of weld-induced RS and distortions is necessary
to meet accuracy and tolerance requirements of structural
design.

Based on the thermal elastic-plastic FE method, the history
of the simulation of the welding process dates back to the
1970s [2]. Many studies have been published over the past
years. Deng and Murakawa [3] predicted welding distortion
and RS in steel butt-welded joints by finite element simula-
tion. The simulation result was verified by performing exper-
iments. Lee and Chang [4] studied the effect of yield stress of
base material on the magnitude and distribution of RS and
carried out stress behavior in welding joints acting on
superimposed tensile loads. Investigations on steel plate
butt-welded joints between dissimilar base materials were also
performed to further understand the RS formation and the
influence of material properties [5, 6]. Choobi et al. [7] con-
ducted the effect of clamping and clamp time on the welding
RS and distortion in butt-welded of stainless steel plates. The
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influence of the geometry of base material and welding pa-
rameters were revealed by Choobi [8]. Ranjbarnode et al. [9]
simulated the welding process of butt-welded plates between
carbon steel and stainless steel considering the effect of heat
input. Heat source modeling based on arc physics was devel-
oped by Okano et al. [10] for more accurate numerical simu-
lations of the welding process. For the medium and thick plate
welding with full penetration, Ye et al. [11] established the
computational approach to conduct the effect of groove type
on welding RS and angular distortion. ‘V’, ‘K’, and ‘X’
groove joints were studied using the proposed computational
procedure. The results provided some recommendations on
the groove design of weld joints between thick steel plates.
Singh et al. [12] proposed an adaptive volumetric heat source
to simulate the welding process. The size and shape of a vol-
umetric heat source are not formed immediately at the outset
of welding. Therefore, the geometric parameters defining the
size and shape should not be defined at the beginning of cal-
culation but obtained by solving the governing heat conduc-
tion equation and boundary condition through iteration.
Suzuki et al. [13] simulated the welding of 35-mm-thick dis-
similar metal butt welds between ferritic and austenitic steel.
The influence of thermal expansion coefficients and material
strength was described in their work. The results showed good
agreement with the experimental data obtained by neutron
diffraction. The mechanical-properties relationships of dis-
similar weld joint were investigated by spot welding [14].
The influence of the weld metal on RS and deformation were
carried out to further understand the knowledge of weld joints
[15]. Sun et al. [16] comparatively studied the weld-induced
RS and distortion in thin-plate joints welded by laser beam
welding and CO2 gas arc welding, and revealed that smaller
RS and deformation can be obtained by laser beam welding
techniques. Deng et al. [17] developed a computational meth-
od to simulate the welding process of electro slagwelding, and
predicted the RS and distortion of thick plate joints performed
by electro slag welding. The results concluded that larger an-
gular deformation and the range of the heat affect zone may be
caused by electro slag welding because the larger heat input.
There are extensive literatures on these topics, such as inves-
tigations on welding techniques parameters, geometry struc-
ture, base material properties, and groove type of welding
joints. However, most researches were performed on butt
welds with similar thickness plates, while less attention has
been paid to the dissimilar plates [18]. Although the angular
distortion of welding joints between dissimilar steel plates was
described by Hashemzadeh et al. [18], weld-induced RS and
the effect of geometric type of weld joints were not presented.
Because of the significant influence of welding RS on the
fatigue and reliability of welded structures and the great chal-
lenge of measurement in practice, the welding RS in butt
welds of dissimilar thickness austenitic stainless steel plates
was presented in this study. Two typical types of weld joints

are performed in this paper, and the influences of geometric
types of weld joints are deduced by finite element methods in
subsequent work. The result provides further knowledge on
the mechanical property of weld joints of dissimilar thickness
plates, and contributes to the fatigue design of this type of
welded structure.

2 Theoretical aspects of computational welding
mechanics

2.1 Coupling of thermal-mechanical analysis

According to the Fourier heat transfer theorem and energy
conservation theorem, the governing equation for nonlinear
thermal analysis can be established. The temperature field will
changewith time and spatial plates in the welding process, and
the transient temperature field T(x, y, z, t) can be expressed by
the following equation (Eq. (1)):

kx
∂2T
∂x2

þ ky
∂2T
∂y2

þ kz
∂2T
∂z2

þ ρQ ¼ ρcT
∂T
∂t

ð1Þ

where ρ is density, cT is the specific heat, k(kx= ky= kz) is the
thermal conductivity, andQ is the rate of internal heat of
generation.

Heat exchange between the surface of the welded structure
and its surroundings occurs during welding; the dynamic
boundary conditions allow for both convection and radiation.
Since there are convection losses for lower temperatures away
from the weld pool and radiation losses are dominating for
higher temperature in the vicinity of weld, a temperature-
dependent combined boundary is adopted here. The equations
of heat transfer coefficient αh are expressed as (Eq. (2)) [19]:

αh ¼ 0:0668⋅T W ⋅m2
� �

0 < T < 500
0:213⋅T−82:1 W ⋅m2

� �
T > 500

�
ð2Þ

where Trepresents the current temperature. The latent heat of
fusion has been incorporated into the thermal model due to the
solidification of the weld pool.

In this study, the moving welding arc is assumed as a vol-
umetric heat source by a double ellipsoid model proposed by
Goldak et al. [20]. Figure 1 depicts the double ellipsoidal heat
source model. The volumetric heat flux is distributed over the
whole volume of the ellipse in a Gaussian manner. The max-
imum flux is at the center, gradually reducing in a non-
uniform manner to the edges of the ellipse. One advantage
of this model is that it gives a steeper temperature gradient at
the front of the heat source and smoother gradient at the rear
side, which is similar to real arc wending as well as GMAW.
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The power density distribution inside the front quadrant
ellipsoidal heat source is given by the following:

q x; y; z; tð Þ ¼ 6
ffiffiffi
3

p
f f Φ

π3=2a21c
e−3 xþvtð Þ2=a21e−3y

2=b2e−3z
2=c2 ð3Þ

Similarly, the power density distribution inside the rear quad-
rant ellipsoidal heat source is given by the following:

q x; y; z; tð Þ ¼ 6
ffiffiffi
3

p
f rΦ

π3=2a22c
e−3 xþvtð Þ2=a22e−3y

2=b2e−3z
2=c2 ð4Þ

in which ffand fr represent the fractions of the heat deposited in
the front and rear quadrants, and where ff+ fr=2. In this paper,
ff is assumed to be 1.4 and fr is 0.6; thus, the temperature
gradient in the front leading part is steeper than the back part.
The parameters a1, a2, b, and c represent the size of the geo-
metric shape of the heat source model. The power of welding
heat source isΦ, and it can be calculated (Φ=ηUI), whereU is
the arc voltage and I is the welding current. The arc efficiency
is η, because heat loss is inevitable in the welding process. The
arc efficiency of GMAW is considered as 70% in the present
study [21].

A austenitic SUS304 stainless steel is used in this study,
and the temperature-dependent thermo-mechanical properties
were detailed in ref. [18]. The effect of phase transformation is
not taken into account for the welding simulation, because the
metallurgical transformation has litter influence in austenitic
stainless steel. However, significant effect on weld-induced
RS may occur in welding between high strength steels [22].

The elastic part of strain and other inelastic strain compo-
nents are accounted in this analysis. The total strain tensor is
calculated based on the following additive decomposition
relation:

εtot ¼ εe þ εp þ εth ð5Þ

in which, εtot is the total strain rate, εe is the elastic strain rate,
εp is the plastic strain rate due to the rate-independent plastic-
ity, and εth is the thermal strain rate.

2.2 Simulation technique of weld metal deposition

There are two approaches to model the addition of the weld
metal, namely, the quiet element and inactive element [23]. In
this study, the birth and death element is applied to simulate
the weld filler deposition with time. The elements belonging
to the weld metal are removed at the start of analysis. When
the welding torch arrives at these elements, they recover their
stiffness and material properties gradually in the model with
no record of strain history. The effect of filler elements addi-
tion on the analysis result is considered for calculation, be-
cause the boundary conditions on the surface of the welded
structure would change with the deposition of filler elements.
However, the nonconsecutive distortion may occur in new
added elements belonging to weld fillers immediately adja-
cent to the base material elements (Fig. 2a). Since the material
properties are very low (such as elastic modules) at high tem-
perature, some error-elements may appear due to excessive
distortion of those filler elements near the heat source. Both
factors may bring no convergence result for nonlinear thermal
analysis of welding simulation, especially for large deforma-
tion FE analysis.

In this paper, ‘full-elastic element’ is introduced in the pro-
cess of welding simulation by ABAQUS software. Those el-
ements belonging to weld fillers were first copied as additional
elements with full-elastic material properties that are suffi-
ciently low but lead to an ill-conditioned stiffness matrix in
the FE model. As the torch arrives, the elements with filler
material properties will be reactive in the appropriate

Fig. 1 Goldak double ellipsoid model

(a) Inconsecutive distortion for new added elements   

(b) Added new elements in appropriate geometric shape 

Fig. 2 Modeling for weld metal deposition
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geometric shape to adjust to the deformed structure without
initial strain (Fig. 2b), which can be realized by ‘full-elastic
element’. This applied method avoids the singular deforma-
tion of elements adjacent to the interface between filler metal
and base material and excessive distortion of the newly added
elements in the vicinity of the heat source. This technique
greatly improves the ability to obtain a convergence solution.

3 Verification of the numerical FE model

The validity of established FE analysis methods is confirmed in
this section from the experimental work by Choobi [8] in which
the single-pass butt welding of steel plates with a length of
200mm,widthof150mm,andthicknessof2mmwasconducted,
andthetemperaturefielddistributionsweremeasuredanddirectly
compared to the FE results. The same welded structure and
welding technique are performed in this section by an established
FE model (Fig. 3a). The specific details can be found elsewhere
[8], and his experimental measurements that were carried out on
the weld specimen are superimposed on Fig. 3b and compared
with the FE results by the numerical method in this paper.

The thermal cycles at different locations with respect to the
time under singlewelding are depicted in Fig. 3b. Themeasuring
locations are pointedout bydark arrows inFig. 3a.TheFE results

are in good agreement with measured data in overall trends.
Therefore, the FE method used here is verified as appropriate to
the analysis of welding residual stresses.

4 Analysis of weld joints

4.1 Finite element models of welded joints

Two typical types of welding joints of dissimilar thickness
plates are investigated in this paper, and compared with the
butt welding joint of similar thickness plates. The geometric
FE models are presented in Fig. 4. The steel plates are welded
in a single-pass ‘V’ groove type welding joint. The welding
geometric structure with joint type 2 and its details are
depicted in Fig. 5. To weld the dissimilar thickness of steel
plates, the thick plate is often fabricated with a transition re-
gion. The thickness in this region is gradually reduced in a
limited range. The size of the transition part in width direction
is 12 mm; the slope ratio in the transition region is 1:4.

The geometric parameters defining the size of the welded
structure are detailed in Table 1. The length of both sides of the
steel plates is 180mm,width is 80mm, the thickness of thin plate
is3mm,andtheother is6mm.AsisshowninFig.4, the thickness
of plates on both sides of the first type of weld joint (type 1) is

(a)  FE model (b) FE and experimental temperature histories
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Fig. 3 The comparison of measured data with simulated results for the welding plate

(a) Weld joint type 1      (b)  Weld joint type 2      (c)  Weld joint type 3 

Fig. 4 The geometric structure of
three types of welding joints
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3mm, aswell as the plates located to the left side of the other two
types of weld joints (type 2 and type 3 in Fig. 4); that of the right
side is 6mm.

SUS304 stainless steel is used in this study, and all the base
materials have the same temperature-dependent thermo-mechan-
ical parameters detailed in ref. [18]. It is presumed thatweldmetal
has similarmaterial properties other than the yield strength. In the
weldingprocess, thetemperature-dependentyieldstressesarecon-
sidered in thecalculationaswellas theeffectofstrainhardeningon
theyieldstrength.Since theheat sourceactson thesmallpartof the
weldedstructure, finemeshisnecessary inorder toobtainthemore
accurate temperature fielddistribution.The arcvoltage is 15V, the
electric current is 180A, and thewelding speed is 3mm/s.

Coupling thermal-mechanical analysis is carried out in this
study, so the boundary conditions for thermal analysis and me-
chanical analysis should be predefined. The ambient temperature
is defined as 20 °Cand is an initial boundary condition for thermal
analysis.

4.2 Analysis of the temperature field

Figure 6 shows the thermal cycles at different locations on the
surface of plate in a welded structure with joint type1. The
temperature history at the locations with different distances
away from the weld centerline can be found in this figure.
As the figure depicts, a steeper temperature gradient occurs
at the heating period and is smoother at the cooling stage,
because the welding speed is often faster than the rate of heat
transfer in base material. When the moving heat source is
closest to these locations, the temperature peak value can be
obtained.

The cooling rate is a key factor in welding technology
because it has a significant influence on the weld-induced
RS as well as the microstructure. Therefore, the thermal cycle
load may provide important knowledge to understand and
evaluate the welding structure. It can be deduced that different
locations on the welded structure may be subjected to different

thermal cycle loads; a place farther away from the weld cen-
terline may undergo a lower effect of thermal cycle load.

Because the same material properties are on both sides of
the weld bead and geometric structure, the axis-symmetrical
temperature field distribution is obtained from the FE model
(Fig. 7). Since the dominating effect of the temperature field is
on the mechanical analysis, the welding RS field distribution
is also axis-symmetrical with respect to the weld centerline.

4.3 Analysis of weld-induced RS

Because of differential heating and cooling, thermal stress in
the weld region and its immediate vicinity leads to elastic-
plastic deformation of the welded structure. The heat affect
zone (HAZ) and the adjacent region undergo higher tempera-
tures than that of farther areas of base metal. As the weld
puddle solidifies and shrinks, the shrinkage stress may be
exerted in surrounding weld metal and the HAZ.
Compressive stress begins to exist in the relatively farther
and colder areas due to the thermal expansion of hot metal
in HAZ when the weld pool is formed. The tensile stress
occurs during the cooling period because the contraction of
weld metal and restriction of the colder base metal.

For the weld joint of dissimilar thickness plates, some spe-
cial fabrication techniques should be carried out in the
welding process. Figure 4 shows the two typical types of weld
joints (type 2 and type 3) used to weld dissimilar thickness

Fig. 5 The geometric structure of
welding joint type 2

Table 1 The geometric structural parameters on the FE models

Type 1 Type 2 Type 3

Thickness (mm) 3/3 3/6 3/6

Width (mm) 80 80 80

Length (mm) 180 180 180
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Fig. 6 Thermal cycle at five locations on the top of stainless plate for
weld joint type 1
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plates [21]. FE analysis is performed to predict the RS and
distortion of two types of welded connections. The effects of
geometric types of welded joints are comparatively studied in
this section. Longitudinal RS is mainly presented in this paper
due to its dominating danger to the integrity of the structure
among the RS components. It is also a significant factor that
induces fatigue crack growth into the base material from the
weld metal.

The longitudinal RS of ‘V’ groove butt-welded joints of
steel plates of similar and dissimilar thickness are depicted in
the following figures. Figures 8 and 9 portray the distributions
and magnitudes of longitudinal RS on the surfaces of plates
located on two sides of the weld bead. Tensile RS exerts in
HAZ and adjacent areas of the base material, while compres-
sive RS is presented in farther regions. Definite stress gradient
exists in the vicinity of weld toe or weld root due to the steep
temperature gradient as well as the effect of yield strength.
The magnitude of residual stresses is decreased in far areas
as there is lower effect of thermal cycle loads.

For the welded structure with the first type of weld joint in
Fig. 4 (type 1), the RS profiles on the top surface are the same
as that of the down surface of the plate (line type 1-top and
type 1-down in Fig. 8) because the thickness of plate used here
is relatively small (t = 3 mm). From the Figs. 8 and 9, the axis-
symmetrical distribution of longitudinal RS is found due to the
same material properties and geometric structure.

However, great differences can be found in the next two
types of welded structures (type 2 and type 3). The longitudi-
nal RS profiles on the thick plates (t = 6 mm) are portrayed in
Fig. 8, and they are different between top and bottom surfaces
of each plate thickness. The magnitude of RS on the transition
surface is smaller than that of the other side face in each plate
thickness due to the effect of geometric design of transition in
thickness, which gradually increases with distance from the
heat source. The difference found in the second butt-weld
plate (type 2) is more definite than that of the other twowelded
structures (type 1 and type 3). It can be conducted that more

Fig. 7 Temperature field
distributions on the steel plate of
weld joint type 1
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Fig. 8 Longitudinal residual stresses on the thick stainless plates
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Fig. 9 Longitudinal residual stresses on the thin stainless plates
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severe distortion occurs in the second weld plates (type 2)
compared with that of the other two types of weld structures.

To the thick plates in two types of welded structures (type 2
and type 3), the residual stresses on the surfaces without
slopes for transition in weld joints (type 2-down and type 3-
top) show similar magnitude and distribution with that of type
1 in regions close to the weld bead for the dominating effect of
high temperature. Similar RS profiles can be found on the
slope surfaces for transition in the latter two types of welded
structures (type 2 and type 3), although the slope faces are
located at the weld toe and weld root side. In the farther area
of base metal, the value of RS is decreased to some extent for
the relatively weak effect of thermal cycle load and influence
of plate thickness (thick plates for type 2 and type 3 is 6 mm,
type 1 is 3 mm), which is a significant factor for the formation
of RS [24].

Figure 9 provides the RS on the thin plates that connected
with the thick plates, and also depicts the left plate in welded
structure with the first type of weld joint (type 1). The results
conclude that the longitudinal residual stresses on the thin
plates in three types of welding structures show similar mag-
nitude and distribution in the vicinity of weld filler.

4.4 Longitudinal RS profiles along the weld direction

The magnitude and distribution longitudinal RS along the
weld direction are presented in Figs. 10 and 11 respectively.
The selected points are located at positions 12 mm away from
the weld center line. For the welded structure with the first
type of joint (type 1), the thickness of both weld plates is
3 mm, and there is no significant difference for the RS profiles
on the top and down surface of connected plates. Thereby,
only the RS on the top face of the plate is depicted in the next
two figures. The magnitudes and distributions of longitudinal
residual stresses on both sides of weld filler are similar. At the

start and stop positions, RS is released as no mechanical
boundary constraint here. The RS formation lies in the center
part of welded structure suffers the constraint of surrounding
cold base metal.

The RS distribution on the thick plate along the weld center
line is portrayed in Fig. 10. For the second and third types of
welded structure (type 2 and type 3), similar RS properties can
be found on their transition surfaces as well as surfaces with-
out slope respectively. The RS on the top and down faces
could be differentiated due to different geometric details.
The longitudinal RS on the transition face shows a larger
range of distribution compared with that of the other side face.
Because of the geometric details at the location where thick-
ness starts to change, there is a higher stiffness in the direction
perpendicular to the steel plate. It also restrains the RS release
at weld start/stop side of plates and leads to compressive RS
(Fig. 10). However, this effect of constraint at both ends of the
plate does not appear on other the faces without a transition
slope. Since the transition faces on the thick plates are rela-
tively far away from the heat source, the magnitude of RS is
reduced to some extent for the lower influence of thermal
cycle loads.

Figure 11 shows the longitudinal RS distribution on the
thin steel plates in a similar manner to that used in Fig. 10. It
can be conducted so that similar magnitudes and distributions
are obtained from the thin plates of welded structures (type 1
and type 3). However, some differences occur at the two sides
of plates due to the geometric details of the weld joint. More
significant differences can be found in the second type of
welded structure (type 2) for the more severe angular distor-
tion induced by welding, and the magnitude of RS is reduced
to some extent.

According to the comparative study on the three types of
welding structures, it can be deduced that the axis-
symmetrical magnitude and distribution of longitudinal RS
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Fig. 10 Longitudinal residual stresses along the weld line for thick
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can be obtained from the first type of welded structure (type 1)
because both the welding base metals have the same material
properties and geometric structures. Butt-welded structures
with steel plates of dissimilar thickness lead to the significant
change of RS formation and distortion because the welding of
such dissimilar joints needs geometric design in thickness
direction, which partly changes the stiffness of the thick plate
and surface distance from the heat source in the transitional
region. The variation of the mechanical behavior and RS pro-
files on such dissimilar welded joints would be caused by non-
uniform thermal loadings and different stiffness. The magni-
tude and distribution of RS is formed under the influence of
the weld joint details and thickness of the plates. From the
view of failure, the initial defect may grow into cracks and
cause damage under fatigue loading and RS. The welding
flaw and the concentration of severe stress mostly exist at
the weld toe. Compared to the third type of weld joint, the
second type of weld joint may be a better choice for the
welding design of dissimilar thickness plates for relatively
lower tensile RS.

5 Conclusions

Based on the thermal elastic-plastic FE technology, the weld-
induced RS profiles and effects of geometric details of weld
joints are carried out in this work. The conclusions can be
deduced as follows:

For welded structures with joint type 1, the axis-
symmetrical longitudinal RS could be found on both sides
of the weld bead because of the similar geometric components
and material properties.

The magnitudes and distributions of RS are deeply influ-
enced by the geometric details of weld joints and base mate-
rials. For the dissimilar weld joints (type 2 and type 3), the
longitudinal RS and distortion of thick plates are different
from that of thin plates. The value of RS for thick plates is
reduced to some extent due to the effect of plate thickness. In
the transitional face region, the longitudinal RS is somewhat
reduced due to the incremental distance from the heat source
with regards to thickness. Since the greater stiffness at the
position of transition face is reinforced, longitudinal RS along
the weld direction distributes a larger region on the plate.
Compressive RS also appears at the region close to weld
start/stop position. The effect of thicknes on the RS under
the same welding conditions can be deduced in this work.
The value of RS on thick plate is smaller than that of thin
components because of the dominating effect of thickness
and less thermal cycle load in this area.
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