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Abstract

As a high-efficiency and high-quality welding process, hybrid laser-arc welding (HLAW) has significant potential of application
in welding thick plate. Understanding the features of welding residual stress benefits the optimization of HLAW process. In the
present study, based on thermal elastic—plastic theory, a three-dimensional finite element model is developed to predict the
residual stress and distortion in HLAW for butt joint of 12-mm-thick steel plate. GMAW heat input and laser energy are modeled
as one double-ellipsoid body heat source and one cone body heat source with enhanced peak density along the central axis,
respectively. Residual stresses and distortions are calculated for single-pass and multi-pass hybrid welding processes. The results
show that the distribution features of longitudinal and von Mises equivalent residual stresses in single-pass hybrid welding are
similar to that in multi-pass hybrid welding. A large tensile stress is generated at the weld zone and its vicinity. Compared with
GMAW, the zone with high residual stress in hybrid welding is decreased largely, but there is no improvement in peak residual

stress. Among three cases, the distortion in single-pass hybrid welding has the lowest value.

Keywords Hybrid welding - Thick plate - Finite element model - Residual stress - Distortion

1 Introduction

Butt-welded structure of medium-thick steel plate (more than
10 mm in thickness) is widely used in fabrication and
manufacturing industries. High-quality and high-efficiency
welding of thick plate has been an urgent requirement in these
fields. As a hybrid welding process, hybrid laser-arc welding
(HLAW) combines the merits of the two welding processes
and compensates deficiencies of each component. As
reviewed by Staufer [1] and Defalco [2], the most relevant
benefits of this technology reported are an increase in the
welding speed, the weldable thickness, the gap bridging abil-
ity, and the weld quality. Thus, HLAW has received a growing
attention in heavy industries and is also finding its application
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in joining of thick plate [3]. However, for welded structure,
one of the major problems is the welding-induced residual
stress and distortion due to local transient heating and cooling
[4]. In the case of thick plate, this problem is more serious.
Therefore, it is of significance to deeply study the residual
stress and distortion in HLAW for further expanding its
application.

Up to date, extensive experimental and simulation studies
have been conducted on the hybrid welding, including weld
formation [5-7], thermal field, and fluid flow [8-12] in the
weld pool. However, few works involved the residual stress
and deformation in hybrid welding. Wahha et al. [3] proposed
an innovative HLAW technology to achieve single-pass
welding of 25-mm thick steel. Cho et al. [8, 9] developed a
three-dimensional model to study the basic fluid flow pattern
of molten pool in hybrid bead-on-plate welding. Zhou and
Tsai [10] numerically investigated the interaction between
the droplet and weld pool in spot hybrid welding. Xu et al.
[11] explained the suppression of bead hump in hybrid bead-
on-plate welding in terms of fluid flow according to the sim-
ulated results.

Due to experimental limitation, welding residual stress and
distortion are investigated by mainly using the numerical sim-
ulation technique [4, 13]. For HLAW, only few literatures
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reported this aspect currently. Zhang et al. [14] developed a
three-dimensional finite element model to analyze the residual
stress and distortion in HLAW and found that a large tensile
longitudinal stress was generated in and near the weld zone
and under the condition of the same weld penetration, the peak
stress in GMAW was 28% higher than that of hybrid welding.
However, their results were only limited to bead-on-plate
welding of 9-mm thick steel. Hee et al. [15] predicted the
residual stress in hybrid welding of 13-mm thick steel plate
using a two-dimensional model without considering the weld
reinforcement. Different from those of Zhang et al. [14], their
computed results indicated that the peak value of longitudinal
residual stress occurred in heat-affected zone (HAZ). Kong
et al. [16] calculated the residual stress in single-pass hybrid
welding of 6-mm thick steel. But the study results showed that
a great compressive longitudinal stress was located at and
around the fusion zone, which is not consistent with those of
Zhang et al. [14] and Hee et al. [15]. In addition, Xu et al. [17]
numerically studied the residual stress and distortion in hybrid
T-welded joint of 2-mm thick aluminum alloy. According to
the above analysis, it is found that most of these previous
efforts were focused on relatively thin plate (less than
10 mm in thickness). Besides, owing to difference in the cal-
culation condition, the conclusions on residual stress distribu-
tion feature in hybrid welding are still unclear and are even in
debate in some aspects. The previous study results are not
suitable to the hybrid welding of thick-section steel.
Consequently, there is still a lack of deep understanding of
residual stress and distortion in hybrid welding for butt joint
of thick plate currently.

In this study, a three-dimensional thermomechanical finite
element model is developed to predict the welding-induced
residual stress and deformation in HLAW for butt joint of
12-mm-thick Q460 steel plate. The characteristics of residual
stress distribution and distortion are numerically analyzed and
are compared with those in GMAW.

2 Experimental procedures

The material used in this study is Q460 ultra-grained steel
plate with dimensions of 150 mm X 150 mm x 12 mm. The
filler material is ER55-G with a 1.2-mm diameter. Table 1
gives the chemical composition for base metal and welding
wire. Hybrid welding was conducted using a constant wave
IPG YLS600 fiber laser with a maximum power of 6 kW and a
TPS400 Fronius power source. The fiber laser beam with
wavelength of 1.07 um and focus diameter of 0.7 mm is
delivered through a fiber of 400 um in diameter. The laser
welding system has a collimating lens of 150 mm and focus-
ing lens of 200 mm. As illustrated in Fig. 1, in hybrid welding,
laser beam was leading and the arc was trailing. The laser
beam was perpendicular to the workpiece surface, while the
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Table 1 Chemical composition (Wt%) of Q460 steel and welding wire

Material C% Mn% Si% P% S%  Nb% Ti%

Q460 (base metal) 0.08  1.29

ER55-G 0.007 1.06
(welding wire)

0.19 0.013 0.004 0.04 -
0.58 0.013 0.002 - 0.12

axis of GMAW torch was 27° titled with respect to the cen-
terline of laser beam. The laser-arc distance is 2 mm and
shielding gas was Ar80% + C0O,20%, which had a flow rate
of 20 L/min. Y-groove configuration was used, which was
prepared by a heavy-duty milling machine. Single-pass and
multi-pass hybrid welding experiments were carried out,
which were numbered as case | and case 2, respectively.
Meanwhile, to compare the residual stress in hybrid welding
with that in GMAW, multi-pass GMAW experiment of Q460
steel was also performed, which was numbered as case 3. For
GMAW, the welding torch was perpendicular to the work-
piece surface. Figure 2 shows the shape and size of grooves
of workpieces for hybrid welding and GMAW. Figure 3 pre-
sents the weld sequences for three cases. The welding process
parameters are listed in Table 2. The blind hole method [18]
was used to measure the residual stress on the surface of
workpiece. Besides, after welding, cross sections of the weld
beads were ground, polished, and etched according to the
standard procedures. All these sections were cut midway from
the welded specimen. The bead dimensions corresponding to
each welding parameter were measured using a stereo
microscope.

3 Finite element modeling

The residual stress distribution in HLAW is simulated using a
thermal elastic—plastic three-dimensional finite element mod-
el. To speed up the calculation process, an uncoupled
thermomechanical formulation [4, 14, 16] is adopted in the
calculation. For this method, the solution procedure is divided
into two steps. First, the transient heat conduction analysis is
performed to compute the welding temperature profile and its
history, which is independent from the stress analysis. Then,
the temperature history obtained at the first step is employed

GMAW torch Laser beam
Welding wire \ Welding direction
\\ »
Arc 1\ I~

Workpiece

Laser-wire distance Keyhole

Fig. 1 Schematic of laser + GMAW hybrid welding



Weld World (2018) 62:289-300

291

Fig. 2 a Schematic of the shape
and size of groove for case | \  /

b \\;3“0\/’ Cc
/

(single-pass hybrid welding), b A
case 2 (multi-pass hybrid
welding), and ¢ case 3 (multi-pass
GMAW)

12 mm

8 mm

12 mm

6 mm

as a thermal load in the subsequent mechanical elastic—plastic
calculation of the residual stress field. In this study, ANSYS
code is used to calculate the welding residual stress and
distortion.

3.1 Thermal analysis
3.1.1 Heat source model

For hybrid welding, the total heat input comes from two
interacting source terms, i.e., laser power and GMAW energy.
In the present study, the energy from GMAW is described
using a double-ellipsoid body heat source, which is expressed
as follows:

124/391U 32 32 3(zw)’
¢ = —F7— 7 I Y R — z=vt >0
m/maby(ct + ¢;) a by, c
(1)
12v/3nlU 32 3 3(z—vt
q, = Lex — —Jj (Z V ) z-t<0
m/maby(cr + ¢;) a@ b c2
(2)

where gr and ¢, are the heat density functions at the front and
rear of heat source center, respectively; / is the welding cur-
rent, U is the arc voltage, n is the arc efficient, v is the welding
speed, ¢ is the time, and a, by, cp, and ¢, are the distribution
parameters. For GMAW, they are set at 4, 1.6, 3, and 4.5 mm,
respectively. For HLAW, owing to compaction of arc by laser
beam, a, by, cg and ¢, are set at 3, 1.6, 2.5, and 3.5 mm,
respectively.

Considering the weld cross section geometry and heat flux
distribution feature along the thickness direction of

Fig. 3 Weld sequences for a

2 e

2 mm

workpiece, laser power density is modeled as one cone heat
source with the exponentially increased peak density along the
central axis. The heat flux function ¢ is expressed as follows
[19]:

q = Qoexp [ %—X)y] exp [ rg—z;)} (3)
0o - 3nLPL1n(X
77(1*6‘3)H{r27r x2p {re e (re 1fx)}}
(4)
roly) = =2 r' y+ri (5)

where H is the heat source height; . and r; are the radii of heat
source top and bottom surfaces, respectively; x is the propor-
tion coefficient between peak power density at the heat source
bottom and the one at top surface, which is set at 1.2; o(y) is
the function indicating the variation of heat source radius, 7 is
the laser thermal efficiency, Py is the laser power, and Q, is the
calculation coefficient. In this study, . and r; are set at 1 and
0.5 mm, respectively; H takes 1, 6, and 8 mm at the laser
powers of 1.5, 4, and 5.5 kW, respectively.

A combination of the above sub-models for GMAW and
laser welding forms the heat source model for HLAW. The
coupling of laser beam and electric arc is indirectly considered
by appropriately adjusting some distribution parameters ac-
cording to the experimental weld size [12].

3.1.2 Heat conduction equation

During welding, the fluid flow has a significant effect on heat
transfer in weld pool as well as weld geometry, but its

Cc

single-pass hybrid welding, b
multi-pass hybrid welding, and ¢
multi-pass GMAW
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Table 2 The welding process parameters
Case  Weld Laser Welding Arc Welding

pass  power (W) current (A) voltage (V) speed (m/min)
Casel 1 55 120 17 0.6
Case2 1 4.0 100 17 0.6

2 1.5 120 17 1.0

3 1.5 120 17 1.0
Case3 1 - 110 17 0.12

2 - 120 18 0.12

3 - 120 18 0.12

4 - 120 18 0.12

numerical simulation is very complex. To simplify the model,
only the thermal conduction in transient state is involved in the
calculation and the fluid flow is ignored. The calculation ac-
curacy of weld pool geometry and size is guaranteed by
selecting the appropriate heat source model. To consider the
effect of fluid flow on temperature field with weld pool, an
artificially enhanced thermal conductivity is used at a temper-
ature higher than the melting point of base metal [4]. The heat
conduction equation is used in thermal analysis and is
expressed as:

or o or 0 or 0 oT
where T is the temperature, p is the density, ¢ is the specific
heat, k is the thermal conductivity, and Sy is the heat source
term, which is the power density of the heat source for hybrid
welding.

In this work, the boundary conditions for all the surfaces
consider the heat losses due to convection, radiation, and
evaporation, which are calculated as:

—ka—T = —Qer(T—T)—merLy, (7)
on

where 7 is the normal unit vector to the surface; a, is the

combined heat transfer coefficient due to convection and ra-

diation, m,, is the evaporation rate, Ly, is the latent heat of

evaporation, and T, is the ambient temperature.

Allowing for the computing efficiency and accuracy, a non-
uniform grid system is employed in the calculation. A finer

Fig. 4 Finite element mesh of
workpiece for single-pass hybrid
butt-welding
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grid is applied in and near the weld zone where there is a large
stress gradient and the smallest element size is 0.4 mm X
0.4 mm x 1 mm. A coarse grid is designed at the domain far
away from the weld bead, shown in Fig. 4. The element “death
and birth” technique [16, 20] is utilized to simulate the mate-
rial filling process in the thermal analysis. Prior to welding, the
elements belonging to the weld material are deactivated,
which have no effect on the calculation of temperature field
(i.e., these elements are “killed”). Then, an empty groove is
obtained. With the movement of welding heat source, the
elements representing the filler material are reactivated (i.e.,
the corresponding elements are “born”) segment by segment
to take into account the influence of filler material on thermal
field.

3.2 Mechanical analysis

For low-carbon steel, the changes of material volume and
mechanical properties caused by solid-phase transformation
have insignificant effect on residual stress compared with ther-
mally induced stress [21]. Therefore, the total strain increment
Ac can only be decomposed into the three components in the
following:

Ae = Ace + Agp + Aer (8)

where Ae., Aep, and Aey are the elastic, plastic, and thermal
strain increments, respectively.

In this step, the mesh is the same to that used in the thermal
analysis, but the element types need to be transformed to the
ones suitable for the structure analysis. Meanwhile, the me-
chanical constraints are utilized to avoid the rigid body motion
of the workpiece, as shown in Fig. 4. The element death and
birth method is also employed to consider the effect of filler
material on the mechanical analysis of hybrid welding.

3.3 Material properties

The weld metal is assumed to have the same thermal and
mechanical properties with the base metal. The temperature-
dependent thermal-physical and mechanical properties [22]
used in this study are plotted in Figs. 5 and 6, respectively.
Other physical properties and parameters [4, 8, 11, 14] are
given in Table 3. In the calculation, thermal strain is




Weld World (2018) 62:289-300

1.0
= Thermal conductivity
L —e Specific heat

4 Density
8 o8 | Density[10:3 g/mm?]
£ A A
] 4 A
3 A A
9 L
[=%
S 06 .~ Specific heat [J/(g °C)]
2
£L -
3 . L]
© .
E 04 . °
_‘lc’ ®-_Thermal conductivity [10"'W/(mm °C)]
[ . . =

.
02 1 1 1 1
0 300 600 900 1200 1500

Temperature[°C]
Fig. 5 Temperature-dependent thermal physical properties [22]

considered through thermal expansion coefficient. The elastic
behavior of welded material is assumed to satisfy the isotropic
Hooke’s principle, and the plastic behavior is described by a
rate-independent plastic model. The yielding process of the
workpiece is simulated based on the von Mises yield criterion,
and the strain hardening is taken into account using a bilinear
isotropic hardening law.

4 Results and discussion
4.1 Simulated temperature field

Figure 7 compares the calculated shape and size of weld cross
section with the experimental results and both are in general
agreement, indicating that the developed heat source model
can be suitable to calculate the temperature field in welding.
Figure 8 shows the cross-sectional temperature field for the
three welding conditions. It is observed that, similar to weld
width, the width of the high-temperature region outside weld
pool in GMAW is still the greatest among the three cases
because of large heat flux distribution zone and low welding
speed. However, for single-pass and multi-pass hybrid
welding in this study, the former has a relatively wider zone
with high temperature outside weld pool due to low welding
speed. Figure 9 provides the thermal cycle curves at different
locations on the top surface of workpiece for the three cases
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R 400 | v Thermal expansion coefficient
o " Yield strength[MPa]
= A A
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a
8 200 .
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Fig. 6 Temperature-dependent mechanical properties [22]
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Table3  Physical properties and other parameters used in calculation [4,
8, 11, 14]
Name Value
Combined heat transfer coefficient (W/(m? °C)) 80
Latent heat of evaporation (J/kg) 6.08 x 10°

Enhanced thermal conductivity of liquid metal (W/(m °C)) 120

Ambient temperature (°C) 20
Arc thermal efficiency 0.8
Laser thermal efficiency 0.85

and their calculation locations. Obviously, the peak tempera-
ture of thermal cycle in GMAW is larger than those of the
other two test cases at the region far away from weld center.
In addition, it can be also found that, at the distance of D =
5.9 mm from weld center, the peak temperature of thermal
cycle in single-pass hybrid welding is higher than the maxi-
mum one (the peak temperature for pass 3) in multi-pass hy-
brid welding, which are respectively 681 and 645 °C, meaning
that the total high temperature area (containing the fusion
zone) for single-pass hybrid welding is relatively wider al-
though its weld width is small.

4.2 Analysis of residual stress for single-pass hybrid
welding

Figure 10 presents the contours of residual stress component
distribution of weldment in single-pass HLAW. From
Fig. 10a, it is seen that a large longitudinal tensile residual
stress is generated in the weld zone and its vicinity and its
peak value is 510 MPa, slightly higher than the yield stress
of the base metal of 480 MPa at the room temperature.
Compared with longitudinal stress, transverse stress and nor-
mal stress along the thickness direction are relatively small.
For transverse residual stress, there is a stress contraction near
the weld toe. In this study, the corresponding von Mises equiv-
alent stress is also computed, as shown in Fig. 10d. Similar to
longitudinal stress component, a high stress concentration is
produced in and near the weld zone and the peak value is
506 MPa, slightly greater than the yield stress of base metal.
However, the area with higher stress is narrow, demonstrating
that there is no serious residual stress in single-pass hybrid
welding.

Figure 11 gives the contours of residual stress components
and equivalent stress at the cross section of weldment for
single-pass hybrid welding. It can be found that the longitudi-
nal and equivalent stresses have a relatively uniform distribu-
tion along the thickness direction in the weld zone and its
vicinity, but the transverse stress changes largely in this re-
gion, which will be discussed in the following section.

Figure 12 provides the residual stress component and
equivalent stress distributions in single-pass hybrid welding

@ Springer



294

Weld World (2018) 62:289-300

Fig. 7 Comparison of the
calculated and experimentally
measured weld cross sections for
a case 1, b case 2, and ¢ case 3

along L1, L2, and L3 defined in Fig. 9a. In Fig. 12a, it is
observed that the longitudinal stresses at different thicknesses
of weldment have similar distribution features. At the weld
zone and surrounding HAZ, large tensile stress is formed
and the peak values at different thicknesses are all slightly
greater than the yield stress of base metal. With distance from
the weld bead, the stress decreases sharply. Due to arc heat
input, the area with large stress is slightly wider at the top
surface of weldment. As stated above, the transverse stress
has a large change along the thickness direction, as shown in
Fig. 12b. At the top and bottom surfaces of weldment, the
transverse residual stresses have similar distribution trends,
for which, a compressive stress is produced at the fusion zone
and a tensile stress emerges near weld boundary. However, at
the middle part of weld bead (z=6 mm), the opposite case
happens. The reason for this phenomenon is probably related
to the formation mechanism of residual stress and plate thick-
ness. Transverse stress is correlated to both the longitudinal
and transverse shrinkages. When the plate is of large thick-
ness, the temperature distribution and constraint condition
vary with thickness to some extent, which has a more obvious
effect on transverse stress compared with longitudinal stress.
As to normal stress in thickness direction, a compressive stress
concentration is located near the weld boundary. Figure 12d
shows the corresponding equivalent stresses at different thick-
nesses. For these three locations, the highest values of equiv-
alent stresses appear near weld center, which are 495, 443, and

Fig. 8 Calculated temperature a
distributions at the cross section
of weldment for a case 1, b case 2
(pass 3), and ¢ case 3 (pass 2)
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Measured
fusion line

478 MPa, respectively. Increasing the distance from weld
boundary, they also drop quickly.

4.3 Comparison of residual stresses

Figure 13 compares the longitudinal residual stress distribu-
tions for the three cases. It can be seen that, at different thick-
nesses of weldment, the distribution shapes of longitudinal
stress for three cases are similar to each other. However, com-
pared with those of the other two cases, the high stress region
in GMAW is obviously wider due to large high temperature
zone. For single- and multi-pass hybrid welding, the former
has a slightly greater high stress area, especially at the middle
part of weldment.

At both the top and bottom surfaces of weldment, the peak
values of longitudinal tensile stresses for the three cases are all
close to the yield stress of base metal and the ones for multi-
pass hybrid welding are slightly higher than those in single-
pass hybrid welding and GMAW. Nevertheless, at the middle
part of weldment cross section, the peak stress in multi-pass
hybrid welding has the smallest value among the three cases,
which is only 301 MPa, much lower than the yield stress of
base metal. The reason for large change of peak stress with
workpiece thickness in multi-pass hybrid welding is due to
weld sequence, groove geometry, and welding process fea-
ture. Besides, Fig. 13a also compares the calculated longitu-
dinal stresses of the three cases with the corresponding

T O
empesatice ['C] b Temperature [°C]

c Temperature [°C]

20
100
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Fig. 9 Schematic of calculation
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measured ones and both are generally in agreement, demon-
strating the accuracy of the developed model.

Figure 14 shows a comparison of transverse residual stress
distributions for the three cases at different locations.
Figure 14a compares the predicted transverse stresses for the
three cases with the corresponding measured data, which also
have an agreement on the whole. From Fig. 14, it is revealed
that, at different thicknesses, the transverse stresses in GMAW
still have similar distribution trends to those in single hybrid
welding. The former has larger high-stress regions and the
latter has slightly higher peak stresses, which are also much
less than the yield stress of base metal. However, for multi-
pass hybrid welding, its transverse stress distribution is obvi-
ously different from those of the other cases. In Fig. 14a, it is
seen that, at the top surface of weldment, although the

Fig. 10 Contours of residual
stress of weldment in single-pass
hybrid welding

a Longitudinal stress

C Stress in the thickness direction

distribution shape of transverse stress in multi-pass hybrid
welding is alike to those in single-pass hybrid welding and
GMAW, the peak value of tensile transverse stress is much
larger than those of the other two cases. Figure 14b presents
the transverse residual stresses along line L2 for three cases.
Different from that at the top surface, for single-pass hybrid
welding and GMAW, lower tensile transverse stresses are pro-
duced in and around the fusion zone. However, for multi-pass
hybrid welding, the extremely opposite case occurs. A higher
compressive transverse stress can be found at the welding
zone and surrounding HAZ; its peak value reaching 315 MPa.

Figure 14c gives the transverse stress distributions at the
bottom surface of weldment for the three cases. Contrary to
those in single-pass hybrid welding and multi-pass GMAW, a
much greater transverse tensile stress appears at the fusion
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Fig. 11 Contours of residual ity

stress at the cross section of
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zone in multi-pass hybrid welding and its peak value reaches
412 MPa, obviously higher than that at the top surface of
weldment. With the distance increasing from weld boundary,
the tensile stress drops largely but no compressive stress
emerges. This phenomenon is expected since during multi-
pass welding, each weld pass has a bending effect on the
weldment due to transverse shrinkage of weld material, which
is superimposed at the weld root, thus causing a high trans-
verse tensile stress. For multi-pass hybrid welding, the small
weld width at the bottom of weldment further increases its
severity.

Figure 15 presents the Von Mises equivalent stresses along
lines L1, L2, and L3 for the three cases. It is clearly found that,
at different thicknesses of weldment, the von Mises equivalent
stresses for the three cases have similar distribution shapes and
peak values. In the weld zone and its vicinity, there is little
difference in equivalent stress distribution feature between
single-pass and multi-pass hybrid welding. Base on the above

analysis, it is seen that, compared to those in GMAW, the
region with high stress in hybrid welding is reduced largely,
which contributes to the enhancement of welded joint quality.
But there is no improvement in peak value of stress, which is
not consistent with those of Zhang et al. [14] .

4.4 Comparison of distortion

Figure 16 shows the contours of y-directional displace-
ment (deflection) of the weldment for three cases.
Figure 17 presents the calculated deflection distributions
along line 1 for three cases. It is seen that, for the three
cases, the deflection values are all relatively small. But
the vertical deformation in single-pass hybrid welding
has the lowest value among the three cases, which is only
approximately one sixth of those of the other two cases at
the cross section of z=150 mm.
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Figure 18 provides the calculated x-directional displace-
ments (transverse shrinkage) along lines L1, L2, and L3 for
the three cases, respectively. In Fig. 18a, it is indicated that, at
different thicknesses, a relatively large transverse displace-
ment in the x-direction appears in and near weld metal. In
the region slightly far away from weld bead, it drops sharply.
Meanwhile, Fig. 18a also shows that there is a small difference
in x-directional displacement at different thicknesses for
single-pass hybrid welding. The reason for this behavior is

1000EO0E.

Y-displacement [mm]

X-coordinate [mm]

that weld width (or temperature field width) changes little in
thickness direction. For multi-pass hybrid welding, the trans-
verse displacement distribution feature on bottom surface of
weldment is similar to that in single-pass hybrid welding but
the ones at the top surface and middle part are close to those in
GMAW, as indicated in Fig. 18b and c¢. A common feature is
that with the distance increasing from weld boundary, trans-
verse displacement increases and then retains relatively stable
at a high value. However, in multi-pass hybrid welding and

Y-displacement [mm]

10000000N
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Fig. 16 Contours of y-directional displacement for a case 1, b case 2, and ¢ case 3
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Fig. 17 Deflection distributions along line L1 for the three cases

GMAW, the weld width has a relatively big variation along the
thickness direction of weldment. Thus, for these two cases, the
differences in transverse shrinkage between top and bottom
surfaces of weldment are obviously higher than that in single-
pass hybrid welding, thereby resulting in a relatively great
angular deformation. In addition, from Fig. 18, it is also
founded that, compared with those in single-pass and multi-
pass hybrid welding, a relatively large transverse shrinkage
deformation emerges in GMAW due to large transverse dis-
placement at both top and bottom surfaces of weldment. It
should be noted that, due to that the deflection and x-direc-
tional displacement are very small for three cases, they are not
experimentally measured in this study, which will be solved in
the future research.

5 Conclusions

1. A three-dimensional finite element model is developed to
investigate the residual stress and deformation in HLAW
for butt joint of 12-mm-thick Q460 steel. Distribution
features of residual stress and distortion under different
welding conditions were numerically analyzed.

2. Higher longitudinal tensile stress is located in and near the
fusion zone and its peak value is greater than the yield
stress of base metal, and the corresponding von Mises
equivalent stress has similar distribution. Compared with
GMAW, the area with high residual stress in HLAW is
much narrower, but there is no any improvement in peak
value of residual stress. Moreover, transverse tensile stress
at the weld root in multi-pass hybrid welding is much larger
than those in single-pass hybrid welding and GMAW.

3. For 12-mm thick Q460 steel, welding distortions for hy-
brid welding and GMAW are not very serious. The
welding distortion in single-pass hybrid welding is much
smaller compared with those in multi-pass hybrid welding
and GMAW. The latter two cases have the similar angular
distortion.
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