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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. 
Key words: arc-assisted laser welding-brazing (A-LWB); Al/steel; finite element method (FEM); temperature field; residual stress; 
welding distortion 
                                                                                                             
 
 
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 aerospace, 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 

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-10KCO2 laser and the HYLONG WSE−250 
TIG welder. The materials were ST04Z galvanized  
steel and 5A06 aluminum alloy, and their sizes were  
150 mm× 50 mm × 1 mm and 150 mm × 50 mm × 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. 
 

 

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 λ is isotropic. 
Then, the transient heat conduction equation is shown as 
follows:  

),,,()(),,,( tzyxQTtzyx
t
Tc +∇⋅∇=

∂
∂ λρ          (1) 

 
where T is the temperature, λ is the thermal conductivity, 
ρ is the material density, and c 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  
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where qs is the heat flux density, R is the effective radius 
of the laser beam, η1 is the thermal efficiency coefficient, 
Q1 is the heat input power of the Gaussian surface heat 
source, Q1=kQ and k is the energy ratio. 

The heat flux density of Rotary−Gauss body heat 
source can be written as  
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where qv is the heat flux density, H is the depth of the 
heat source, η2 is the thermal efficiency coefficient, and 
Q2 is the heat input power of the Rotary−Gauss body heat 
source. Moreover, Q2=Q−Q1=(1−k)Q, and the value of k 
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 β, 
which is shown in Fig. 1. The double-ellipse planar heat 
source model after conversion is as follows:  
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where Qf and Qr are the powers of the front part and  
rear part of double-elliptic heat source, respectively. 
Qf+Qr=η3P1, and P1=UI. P1 is the TIG welding power, U 
is the arc voltage, I is the welding current, and η3 is the 
thermal efficiency of TIG welding. a3, b3 and b4 are the 
shape parameters of the double-elliptic heat source. 

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

)( 0crfvs TThqqqq
n
T −−+++=

∂
∂λ              (6) 

 
where n is the normal direction of the outer surface, and 
T0 is the initial temperature set to be 20 °C. 

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

)( 0c TTh
n
T −−=

∂
∂λ                            (7) 

 
The equivalent specific heat method is used for 

solid−liquid transition in 5A06 aluminum alloy. Thermal 
properties of the two materials are set as a function of 
temperature [9], as shown in Fig. 4. 
 

 
Fig. 4 Thermal properties of materials: (a) 5A06 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 dεij 
mainly consists of elastic strain increment ed ijε , plastic 
strain increment pd ijε  and thermal strain increment 

thd ijε :  
thpe dddd ijijijij εεεε ++=                         (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. 
 

 
Fig. 5 Mechanical properties of materials: (a) 5A06 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 (t=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 (t=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. 
 

 

Fig. 6 Temperature distribution at t=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 5A06 aluminum alloy) is  
 

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

 

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. 
 

 
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  
 

 
Fig. 10 Contours of transverse residual stress (t=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. 
 

 

Fig. 11 Contours of longitudinal residual stress (t=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]. 
 

 
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. 
 

 
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. 
 

 
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  

 

 
Fig. 15 Deflection distributions: (a) On aluminum alloy; (b) On 
steel; (c) 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  
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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) It 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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铝/钢电弧辅助激光熔钎焊接残余应力及焊接变形 
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摘  要：采用热−弹−塑性有限元法对铝/钢异种金属钨极惰性气体保护(TIG)焊辅助激光对接熔钎焊接(A-LWB)过
程进行数值模拟，考虑材料非线性、几何非线性和加工硬化的影响，与单激光焊接(SLWB)过程中温度场、残余应

力和焊后变形进行对比。结果表明：数值计算得到的热循环、残余应力和焊接变形与测量结果吻合较好，验证有

限元计算方法的有效性。与 SLWB 相比，A-LWB 使得焊缝横向上的高温分布范围变宽，降低焊缝处产生的横向

拉应力，缩小焊缝处纵向拉应力的分布范围，在一定程度上减小焊后变形。 
关键词：电弧辅助激光熔钎焊；铝/钢；有限单元法；温度场；残余应力；焊接变形 
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