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Abstract: The thermo-elastic—plastic finite element method (FEM) is used to simulate the thermo-mechanical behavior of Al/steel
tungsten inert gas (TIG) arc-assisted laser welding-brazing (A-LWB) butt joint. The influence of material nonlinearity, geometrical
nonlinearity and work hardening on the welding process is studied, and the differences in the welding temperature field, residual
stress and welding distortion by A-LWB and by single laser welding-brazing (SLWB) are analyzed. The results show that the thermal
cycle, residual stress distribution and welding distortion by the numerical simulation are in good agreement with the measured data
by experiments, which verifies the effectiveness of FEM. Compared with the SLWB, A-LWB can make the high-temperature
distribution zone of weld in width direction wider, decrease the transverse tensile stress in the weld and reduce the distribution range
of longitudinal tensile stress. And the welding deformation also decreases to some extent.
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1 Introduction

The Al/steel composite structure has excellent
performances of dissimilar metals, such as high specific
strength, excellent corrosion resistance, light weight, and
low fuel consumption. Hence, it is widely used in the
fields of automobile — manufacturing,
shipbuilding, household appliances, and so on [1].
However, as for Al/steel welding, it is needed to control
the thickness of intermetallic compounds (IMCs) layer
within a reasonable range [2]. The IMCs are highly
brittle and hard, which decreases the mechanical
properties of joints because of their low critical stress
intensity factor and high crack propagation rate [3,4].
The IMCs layer is closely related to the interfacial
temperature during the welding process. If the interfacial
reaction temperature can be predicted, the IMCs growth
would be controlled [5].

The uneven temperature distribution would result in
residual stress and welding distortion during the Al/steel
welding process. The tensile residual stress around the

aerospace,

weld is usually a negative factor, and it would result in
the increase of the stress, fatigue fracture and brittle
fracture [6]. The compressive residual stress has an
adverse influence on the yield and buckling strength [7].
Furthermore, the thin plate is also prone to buckling
distortion [8]. Therefore, it is beneficial for the design
and structural parts safety to correctly evaluate the
residual stress and welding distortion for the welding of
Al to steel.

Some scholars have carried out much experiment
and numerical analysis on the temperature field
distribution, diffusion and residual stress prediction of
dissimilar metals [5,9—13]. MENG et al [9] performed
the calculation for the temperature distribution during the
large spot laser assisted metal inert gas (MIG)
welding-brazing and then revealed the auxiliary effect of
the large spot laser. PARK and NA [10] simulated the
temperature field of laser welding-brazing with wire feed
between 304 stainless steel plug and 5052 aluminum
alloy, then the brazing process was optimized and the
stress field distribution of the joint was simulated [11].
AGUDO et al [12] studied the residual stress distribution
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of Al/steel butt CMT welding. It was shown that the
residual stress distribution on the top surface was similar
to that on the bottom surface. Likewise, HUANG
et al [13] investigated the temperature field and residual
stress distribution of Al/steel laser welding-brazing. The
results indicated that the longitudinal residual stress on
the steel plate was larger than that on the Al plate. The
findings in the literatures mentioned above suggest that
different materials or welding processes would cause
different residual stress distributions.

A welding process named the arc-assisted laser
welding-brazing (A-LWB) was introduced by the authors
for joining Al to steel tailored blanks with butt joints [14].
Unlike the laser-arc hybrid welding, the energy coupling
mechanism between laser and arc heat source was not
considered in A-LWB. In the previous work, the interface
layer structure and mechanical properties of the joint
have been analyzed; however, the existing researches
cannot reflect the residual stress and welding distortion
production mechanisms of Al/steel by A-LWB. In this
work, the thermo-elastic—plastic FEM is used to study
the temperature field, residual stress and welding
distortion of Al/steel butt joint in the A-LWB, and a
comparison between A-LWB and single laser welding-
brazing (SLWB) is performed.

2 Experimental

The experimental equipment consisted of the
GS-TFL-10KCO, laser and the HYLONG WSE-250
TIG welder. The materials were ST04Z galvanized
steel and 5A06 aluminum alloy, and their sizes were
150 mmx 50 mm x 1 mm and 150 mm x 50 mm x 2 mm,
respectively. The laser vertically heated the base metal
surface and deviated about 2 mm from the edge of
aluminum alloy. In addition, the TIG arc tilted toward the
welding direction. During the welding process, the plates
were restrained by the fixture, and the welding schematic
is shown in Fig. 1. During the A-LWB process, the
welding parameters were as follows. The laser power
was 1200 W, the welding speed was 10 mm/s, the defocus
amount was 0, the arc current was 15 A, the arc voltage
was 14 V, and the center distance of heat source was
15 mm. The SLWB had the same heat input as A-LWB.

Fig. 1 Schematic view of arc-assisted laser welding-brazing

The weld joints are shown in Fig. 2. It can be seen
that the wetting and spreading of liquid metal on the
back of the galvanized steel is good.

Fig. 2 Weld joint: (a) Front; (b) Backside

The welding residual stress of A-LWB was
measured by the MSF/PSF-3M X-ray stress analyzer.
The contour of the plate was measured by the Global
Image 9128 coordinate measuring machine (CMM), and
the Cero 2.0 software was used to characterize the data
point cloud measured by CMM.

3 Finite element modeling

Based on the finite element software ANSYS, the
sequential coupling method was used to simulate the
temperature field and welding stress. The finite element
modeling is shown in Fig. 3. The welding zone was
covered by the fine grids, and the grid size gradually
increased with the increase of distance between the heat
source and the base metal. SOLID70 was used during the
thermal analysis, and it was converted into the structural
element SOLID 45 in the stress calculation.

TBoundary condition
30
20

Fig. 3 Finite element model and boundary condition (Unit: mm)
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3.1 Heat source model

The law of conservation of energy and Fourier’s law
are used for thermal analysis, the flow of the molten pool
is ignored, and the thermal conductivity 4 is isotropic.
Then, the transient heat conduction equation is shown as
follows:

pcg—j(x,y,z,t)=V-(/WT)+Q(x,y,z,t) (1)

where T is the temperature, 4 is the thermal conductivity,
p is the material density, and ¢ is the specific heat
capacity. During the welding process, the aluminum was
melted, the steel would not be melted, and then the
melted material spread on the surface of steel with the
help of TIG arc. During the brazing process, the liquid
metal flowed through the gaps at a high temperature to
wet and spread, so it could be regarded as a heat
source [15]. According to the heat transfer characteristics
of welding process (heat conduction) and the geometrical
characteristics of weld, the energy of the laser beam is
divided into two parts. One part is used as the Gaussian
surface heat source to melt the aluminum alloy. The
other part is used as the Rotary—Gauss body heat
source [16] for the filling, wetting and spreading of
liquid metals in the material interior.

The equation of heat flow density of Gaussian
surface heat source is

4, =M exp(-3r2 1 ) @
R

where ¢sis the heat flux density, R is the effective radius
of the laser beam, #; is the thermal efficiency coefficient,
Q) is the heat input power of the Gaussian surface heat
source, 01=kQ and £ is the energy ratio.

The heat flux density of Rotary—Gauss body heat
source can be written as

91,0,
TR?H (1 —exp(-3))

- 2, .2
vE p{lg(H/y)Rz (x"+z )} 3)
where ¢, is the heat flux density, H is the depth of the
heat source, 7, is the thermal efficiency coefficient, and
0, is the heat input power of the Rotary—Gauss body heat
source. Moreover, Q,=0—Q;=(1-k)Q, and the value of £
is 0.7 by analysis and contrast.

TIG heat source power is small, and it is regarded as
the double-ellipse planar heat source. The angle between
the TIG arc axis and welding direction is assumed as £,
which is shown in Fig. 1. The double-ellipse planar heat
source model after conversion is as follows:

60, sin 322 3x?
qs(x,2) = O 'Bexp - — “)
Tasby (by/sin B)°  a,
60, sin 327 3x?
qr(xaz): Q ﬂexp - . 2 2 (5)
nasb, (by/sin )"  a,

where QOr and Q, are the powers of the front part and
rear part of double-elliptic heat source, respectively.
Os+O=n3Py, and P1=UI. P, is the TIG welding power, U
is the arc voltage, / is the welding current, and #; is the
thermal efficiency of TIG welding. a3, b; and b, are the
shape parameters of the double-elliptic heat source.

The total convection heat transfer coefficient /.
represents the heat radiation and convection. The heat
source moves forward on the top surface of the plates,
and the temperature 7 on the surface of the plates
changes with the time and space. On the top surface of
the plates, the boundary condition is

ﬂa_T:

. ~h (T ~Tp) (6)

+ qv + qr + q:
where #n is the normal direction of the outer surface, and
T, is the initial temperature set to be 20 °C.

On the bottom surface and the surrounding surface
of the plate, there is

AZ—T}hc(T—To) ™

The equivalent specific heat method is used for
solid—liquid transition in SA06 aluminum alloy. Thermal
properties of the two materials are set as a function of
temperature [9], as shown in Fig. 4.
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Fig. 4 Thermal properties of materials: (a) SA06 aluminum
alloy; (b) Galvanized steel
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3.2 Mechanical analysis

The creep behavior of the material is ignored in the
stress calculation, and the total strain increment de;
mainly consists of elastic strain increment dgl; , plastic
strain increment de}; and thermal strain increment

th .
dg,j :

de; =def +def +de) (8)

The elastic strain increment is calculated by the
Hooke’s law for the isotropic material, and thus
depending on the elastic modulus and Poisson ratio. The
thermal strain increment could be calculated by the
thermal expansion coefficient of the material, and the
plastic strain increment satisfies the von Misses yield
criterion. The stress—strain relationship of the material is
characterized by a bilinear isotropic hardening
model [17]. The yield strength of materials at a high
temperature is estimated by an engineering method [18].
Figure 5 shows the change of mechanical properties of
materials with the temperature.

(@ —— Thermal expansion

15k coefficient/107K ™!
—— Yield strength/10MPa
—o— Elastic modulus/10*MPa
—— Possion ratio

10

T

Mechanical properties

1
0 200 400 600 800
Temperature/°C

30
(b) —— Thermal expansion

a5k coefficient/107°K ™!
——Yield strength/10MPa
—— Elastic modulus/10*MPa

20 ——Possion ratio/107!

Mechanical properties
O

0 400 800 1200 1600
Temperature/°C

Fig. 5 Mechanical properties of materials: (a) SA06 aluminum
alloy [19]; (b) Galvanized steel [20]

In order to accurately predict the thin plate
deformation, the large deformation theory is
preferentially used in the structural stress calculation [20],
and the stress distribution and distortion are greatly
affected by the restraint of fixtures [21-25]. In this study,

the degrees of freedom where the plate contacts with the
fixture (rectangular region in Fig. 3) are restrained during
the welding process. Then, on cooling, the restraints are
removed (=100 s). Simultaneously, in order to avoid the
rigid movement or torsion in the simulation process, the
degrees of freedom of points 1, 2 and 3 on the plate are
restrained (the arrows shown in Fig. 3).

4 Simulation results and discussion

4.1 Temperature field

Figure 6 shows the temperature field distribution on
the top surface in welding process (=12 s). It can be seen
that the high-temperature range in the aluminum alloy is
larger than that in the steel. The reason is that different
thicknesses and different heat conductivity coefficients
for different materials would result in asymmetrical
temperature field along the weld, and the heat flux
rapidly transfers to aluminum alloy, thus forming a large
range of high-temperature distribution. The high-
temperature range in the width by A-LWB is larger than
that by SLWB. However, the temperature in SLWB
obviously rises, which would result in significant
increase of IMCs thickness, thus making the mechanical
properties of joints deteriorate.

Unit: °C

— —
20 255.076 490.152  725.227 960.303
137.538 372.614 607.69 842.765 1077.84

(b)

Unit: °C
— —
20 304.63 589.26  873.891 1158.52
162.315 446.945 731.576 101621 1300.84

Fig. 6 Temperature distribution at =12 s: (a) A-LWB;
(b) SLWB

The thermal cycle in the brazing interface has a
great influence on the wetting and spreading of liquid
metal as well as the formation of IMCs [9]. Figure 7
shows the thermal cycles at the brazing interface (y=0,
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0.5, 1) at z=75 mm of joint. In A-LWB, each point
experiences two thermal cycles, and the curve displays
the double peaks. Compared with SLWB, the high-
temperature zone enlarges in the interface, which
prolongs the presence of liquid metal and improves its
wetting and spreading on steel surface. Hence, the
auxiliary arc is beneficial for the wetting and spreading,
thus improving the joints quality.

Figure 8 shows the cross-section morphologies of
A-LWB joint by FEM simulation and by the experiment,
respectively. The temperature field above 625 °C
(the liquidus temperature of SA06 aluminum alloy) is

8001(@) — y=1 mm
— »=0.5 mm
O 600 -
)
E
s
g 4001
=
o
F
200 -
6 8 10 12 14 16 18 20
Time/s
1000
(b) —— y=1 mm
—— y=0.5 mm
800 — =
&
"g 600
<
2
g 400
o
=
200 -
6 8 10 12 14
Time/s

Fig. 7 Thermal cycles at brazing interface: (a) A-LWB;
(b) SLWB

(a)
Al

d s

—
25 125 225 325 425 525 625
Temperature/°C

Fig. 8 Cross-section of A-LWB obtained by simulation and
experiment: (a) Simulation; (b) Experiment

regarded as a melting zone, and the gray area represents
the melting zone. Obviously, the simulated result
generally agrees with the experiment result.

Then, the comparison for the thermal cycles of
Point D and Point E on the top surface of the steel in
A-LWB joint is carried out, as shown in Fig. 9. The
distribution of the simulated results agrees well with that
of the experiment results except some local difference in
high-temperature zone.

Point D, simulated result
Point E, simulated result

— — -Point D, experimental result
— — -Point E, experimental result

Temperature/°C
=
S

w
(=
| AP S .

0 50 100 150 200 250 300
Time/s

Fig. 9 Thermal cycles of A-LWB obtained by simulation and
experiment

It is the prerequisite for the suitable welding
distortion and residual stress that melting zone size is
accurately predicted [26]. By the comparison of melting
zone morphology and thermal cycles between the
simulation and the experiment, it can be clearly seen that
the heat source model and model parameters are
reasonable, and they can accurately reflect the thermal
cycle process of A-LWB. Therefore, the temperature
field simulation results can be used for the subsequent
stress field.

4.2 Welding residual stress

The welding stresses are simulated in the A-LWB
and SLWB processes, respectively. Figure 10 shows the
distribution contours of the transverse residual stress on
the middle cross-section of the welds. Obviously, the
transverse residual stress distribution is asymmetric, and
the stress distribution in the SLWB joint is similar to that

Unit: Pa

(@ B

-0.292x10° -0.184x10° -0.771x10% 0.302x10% 0.137x10°
—0.238x10° —0.131x10° -0.235x10% 0.838x10% 0.191x10°

Unit: Pa
(b) P
-0.297x10° -0.185%10°-0.731x108 0.389x10% 0.151x10°

=0.241x10°-0.129x10° =0.171x10% 0.948x10% 0.207x10°
Fig. 10 Contours of transverse residual stress (=300 s):
(a) A-LWB; (b) SLWB
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in the A-LWB joint. The maximum magnitude appears
on brazing weld near the steel side on the top and bottom
surfaces of the joint. Compared with the A-LWB, the
tensile stress magnitude of joint by SLWB is higher. This
is because the higher temperature in SLWB joint leads to
the increase of the stress.

Figure 11 shows the distribution contours of the
longitudinal residual stress on the middle cross-section of
the welds. Obviously, the longitudinal residual stress
distribution is also asymmetric. Compared with
transverse stress, the values of longitudinal residual
stress is much larger. The high tensile stress concentrates
on the weld and heat-affected zone (HAZ) of aluminum
alloy, and higher than the yield strength of aluminum
alloy for the influence of work hardening. In order to
meet the strain coordination conditions, the longitudinal
stress should be the compressive stress on the base metal.
In this experiment, the aluminum alloy melts and spreads
after being heated, the yield strength and elastic modulus
decrease to zero, and the thermal expansion of aluminum
alloy is restrained by the surrounding cold steel which
does not melt. During the cooling, the steel restrains the
shrinkage in the weld and HAZ as an internal binding
force, and thus the tensile residual stress appears at the
weld. By comparison, the difference in the peak tensile
stresses of the two welding processes is small. However,
the distribution range of high tensile stress of SLWB is
wider than that of A-LWB on the weld.

Unit: Pa

(2) e

o

-0.303x10° -0.171x10° -0.390x10% 0.932x10% 0.225x10°
-0.237x10° =0.105%10° 0.271x10% 0.159x10° 0.291x10?

(b) — Unit: Pa

.

-0.340x10° —0.199x10° -0.577x10% 0.834x10% 0.225x10?
-0.269x10° —0.128x10° 0.128x10% 0.154x10° 0.295%10°

Fig. 11 Contours of longitudinal residual stress (=300 s):
(a) A-LWB; (b) SLWB

Figure 12 shows the comparison for the
distributions of transverse residual stress by FEM
simulation and by experiment in A-LWB joint on the top
surface. The transverse stress on the steel side is larger
than that on the aluminum alloy side. On the aluminum
alloy plate, a peak of transverse stress appears about
10 mm away from the welded metal boundary, which is
caused by the larger temperature gradient between the
melting zone and the aluminum alloy base metal. Near
the interface, the residual stress is unstable and has the
saltation, and the reason is that aluminum has a much
larger thermal expansion coefficient than steel. With the
decrease of temperature, the cooling rates of aluminum
alloy and steel are different, similar to the stress

distributions of dissimilar steels [27]. This situation of
residual stress distribution also suggests that the fracture
easily occurs in the interface, and this also means that the
fracture is more likely to occur in SLWB joint due to
much serious stress concentration. For the transverse
stress, the simulated values generally agree well with the
measured values, but the two are different at the center of
the weld and on the aluminum alloy substrate. The
reason is that there exists the initial residual stress before
welding, and the stress far away from the weld is less
affected during the welding process [28].

—FEM (A-LWB) &
100} ==--- FEM (SLWB)
e Experiment

HRIIEN
(1[0 [

Transverse stress/MPa

100

x/mm

Fig. 12 Transverse residual stress on middle cross-section of
top surface

Figure 13 shows the comparison for the distribution
of longitudinal residual stress by FEM simulation and by
experiment in A-LWB joint on the top surface. Because
the range of high-temperature of aluminum alloy is larger
than that of steel, the longitudinal tensile stress
distribution in the former is far wider than that in the
latter. By comparison, the simulated longitudinal stress
distribution generally matches the measured data.
However, there are still some differences between them
due to the initial stress. The distribution of longitudinal
residual stress on the top surface by SLWB is similar to
that by A-LWB.

—— FEM (A-LWB)
200 ----- FEM (SLWB)
Experiment

HRIIRN
[1 [ [

100

S

Longitudinal stress/MPa

-100}

0 20 40 60 80 100
x/mm
Fig. 13 Longitudinal residual stress on middle cross-section of

top surface
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4.3 Welding distortion

Figure 14 shows the contours of deflection
distribution calculated by FEM. The deformations of two
welding processes both have a convex—concave shape,
but the deformation magnitude of SLWB is a little larger
than that of A-LWB.

(@

Unit: m

—0.004486 —0.003062 —0.001638 -0.214x1073 0.00121
-0.003774 -0.00235

-0.926x107 0.498x1073

-0.004715 —0.003349 -0.001984 —0.618x1073 —0.748x1073
-0.004032 -0.002666 —0.001301 0.649x107* 0.001431
Fig. 14 Contours of deflection distributions: (a) A-LWB;
(b) SLWB

Figure 15 shows the comparison of the deflections
(displacement in y direction) by SLWB and by A-LWB
as well as the measured displacement distribution by
A-LWB. It can be obviously seen that the displacements
on aluminum alloy and steel are asymmetric, and the
deflection on the steel is larger than that on the
aluminum alloy. The reason is that the thickness of steel
plate is only 1 mm, thinner than that of the aluminum
alloy plate, so it is more prone to deformation. The
displacement distributions on aluminum alloy side by
SLWB and by A-LWB are basically the same, but the
deformation of SLWB is slightly larger than that of
A-LWB on steel side and at z=145 mm. It can be seen
that the deformation distributions of A-LWB agree well
with the corresponding measured values in shape, but
there are some differences in magnitude between them.
In order to improve the deformation prediction accuracy,
the external restraint must be carefully set in the
FEM [26]. In general, the large deformation theory can
accurately predict the welding deformation in the FEM
for thermo-mechanical behavior of aluminum alloy to
steel thin plate joints.

The mechanisms of thin plate deformation have
been discussed in Refs. [26,29,30]. The heat input in
the two welding processes is relatively large. After the

@ FEM (A-LWB)
1} - - -FEM (SLWB)
Experiment
s Of (A-LWB)
g x=0 mm
E 4t y=2 mm
g
g -2f
A
_3 -
-4} ..”'-..,‘ -
0 20 40 60 80 100 120 140
z/mm
_(b) x=100 mm)|
——FEM (A-LWB) y=lm
- — -FEM (SLWB)
. -1+ Experiment
= (A-LWB)
=
8
2
=
j o3
a
_5 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140
z/mm
1.0
(© ,~ ——FEM(A-LWB)
,_ .\ = = -FEM (SLWB)
oAV Experiment
0.5

(A-LWB)

Deflection/mm
o

z=145 mm
_10 1 | 1 1 1

0 20 40 60 80 100
x/mm

Fig. 15 Deflection distributions: (a) On aluminum alloy; (b) On
steel; (¢) z=145 mm

aluminum alloy melts, most of the liquid metal spreads
on the top side of the steel plate, and a small part spreads
on the bottom side. During the cooling, the longitudinal
shrinkage force on the top of weld is obviously larger
than that on the bottom. Thus, a concave bending
deformation occurs in the longitudinal direction, and the
convex bending deformation occurs in the transverse
direction in order to coordinate the overall deformation.
So, there appears a convex—concave shape in the joint.
Figure 16 shows the transverse shrinkage on top and
bottom surfaces of A-LWB. It can be found that the
transverse shrinkage on the top surface of the plate is



Chun-ling LI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 692—700 699

0.8

0.7

0.4

Transverse shrinkage/mm

Top surface (A-LWB)
----- Bottom surface (A-LWB)

0.1 1 L 1 1 1 1 !
0 20 40 60 8 100 120 140

z/mm

0.2

Fig. 16 Transverse shrinkage in A-LWB joint

smaller than that on the bottom surface. Therefore, the
plate has a convex deformation along the width direction.
According to the deformation coordination principle
of the thin plate, if the convex deformation in the
width direction appears, the corresponding concave
deformation would appear in the longitudinal direction.

It is found by the simulation and experiment that the
thin plate welding distortion is closely related to different
layouts of fixtures and restraint ways [22—25]. Different
restraints have different plastic deformations on the weld
and the HAZ, thus resulting in different residual stresses
and distortions of the plate. The external restraint could
mitigate the deformation to a certain extent [26]. In
future work, in order to limit the residual stress and
welding distortion of the aluminum alloy to steel welding,
the heat input should be controlled under the effective
connection between aluminum alloy and steel, and then
the fixtures should be reasonably arranged. For example,
the configuration and the number of clamps should be
changed, because they have different influence on the
finial distortion of plate.

5 Conclusions

(1) The comparison between simulated results and
experimental results show that the numerical results by
the thermo-elastic—plastic FEM could accurately describe
the temperature field, residual stress distribution and
deformation characteristics of the plate, thus verifying
the model validity.

(2) 1t is found by comparing the simulation results
of SLWB and A-LWB that the high-temperature area
zone caused by the assisted arc becomes wider, which
benefits the wetting and spreading of liquid metal. The
transverse tensile residual stress on the weld by A-LWB
decreases. Likewise, the distribution of longitudinal
tensile residual stress on the weld in the A-LWB joint
reduces. Thus, the welding deformation becomes small.

(3) The temperature field, stress distribution and
welding distortion on the aluminum alloy and steel are
asymmetric, and the high-temperature range of
aluminum alloy is larger than that of steel. Thus, the
tensile stress distribution is larger than the steel, but the
deflection on the steel is larger than that on the
aluminum alloy.

(4) Because the geometrical nonlinearity is serious
in thin plate deformation, the simulation results of the
welding distortion in Al/steel butt joint by large
deformation theory are in good agreement with the
experimental results.
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