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Abstract: The effect of current on the morphology of Al alloy T-joint in double-pulsed metal inert gas (DP-MIG) welding process 
was investigated by simulation and experiment. A three-dimensional finite element model and the DP-MIG heat source of 
double-ellipsoidal volumetric model were developed to simulate the temperature and stress fields under different welding conditions. 
The macro-morphology and microstructure of welding joints at the corresponding currents were observed in the experiment. The 
results show that the best condition is at an average current of 90 A and current difference of 40 A, when the maximum temperature is 
200 °C higher than the fusion points, with the temperature difference of about 100 °C and stress change of 10 MPa between thermal 
pulse and thermal base. Under these conditions, Al alloy T-joint with proper fusion condition has smooth fish-scale welding 
appearance and finer microstructure. Furthermore, the thermal curves and stress distribution in the experiment are consistent with 
those in the simulation, verifying the precision of the welding simulation. 
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1 Introduction 
 

With the excellent properties of low density, high 
yielding-to-tensile ratio, and good corrosion resistance, 
Al alloy has been widely used in the automobile industry 
to energy conservation and emission reduction. However, 
poor welding performances of Al alloy, such as strong 
oxidizing ability, large thermal conductivity and 
expansion, are likely to give rise to many defects in the 
Al alloy welding joint, such as incomplete fusion, 
porosity and cracking [1]. Moreover, the Al alloy used in 
a car’s body structure is focused on sheets with 2−3 mm 
in thickness and extrusions, which greatly reduces the 
stability during the welding process of Al alloy and 
worsens the welding joint quality. Pulsed metal inert gas 
(P-MIG) welding, as an efficient and high-quality 
welding method of Al alloy, provides excellent 
controllability of droplet transfer. In P-MIG, droplet 
spray metal transfer can be achieved when the average 
current is lower than the critical current and the mode of 
one droplet transfer per pulse can be obtained for 
maintaining stability during the welding process [2]. 

Double-pulsed metal inert gas (DP-MIG) welding 
was developed as a variation form of P-MIG, in which a 
low frequency pulse is superimposed into a single high- 
frequency pulse. The principle of DP-MIG is shown in 
Fig. 1 and the welding current is altered between the 
thermal pulse and the thermal base in the cycle of low- 
frequency pulse, which induces the changes of 
temperature and stress of the weld pool. As a 
consequence, it could result in the typical rippling 
appearance and the strong stirring effect of the weld pool 
[3,4]. A proper setup of welding parameters (welding 
currents, arc voltage, etc.) is an important factor to 
guarantee that the welding process runs smoothly and to 
obtain acceptable joint quality. Welding currents as main 
parameters in DP-MIG, including the average current and 
the current difference between thermal pulse and thermal 
base, have significant influence on the temperature and 
stress of weld pool during the welding process, which 
would affect the quality of the welding joint further. 

However, much attention about DP-MIG is  
mainly paid to the arc behavior, drop transition, and  
joint properties [5,6]. Limited studies reveal the effect  
of DP-MIG on the Al alloy T-joint by discussing the 
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Fig. 1 Principle of DP-MIG welding 
 
temperature and stress of weld pool at different currents. 
In this work, the method of finite element analysis was 
adopted to simulate the process of DP-MIG, and the 
temperature and stress fields at different currents can be 
obtained by calculation. In addition, the formation and 
microstructure of welding joint at the corresponding 
current were observed by experiment. Current difference 
can be obtained in combination with the results of 
simulation and experiment. In addition, the results of 
simulation were compared with the measurements during 
the actual experiment of time–temperature curves and 
stress distribution to determine the calculation accuracy. 
 
2 Experimental 
 
2.1 Materials and welding parameters 

The base material was 6061-T6 Al alloy sheet with 
a thickness of 2 mm and the filler wire adopted was 
ER5356 Al−Mg alloy with a diameter of 1.2 mm. The 
dimensions of the web and the flange were 200 mm ×  
50 mm and 200 mm × 80 mm, respectively. Welding 
operation was fully done by an automatic MIG welder at 
the self-made fixture. The welding power source used 
was DP400 developed by OTC to provide DP-MIG. 

To maintain the stability of the welding process, the 
mode of one droplet transfer per pulse was obtained by 
adjusting the high-frequency pulse parameters, as shown 
in Fig. 2 [7]. The thermal frequency and the welding 
travel speed were set as 4 Hz and 60 cm/min, 
respectively. The welding process throughout this work 
was shielded by pure argon at air flow rate of 20 L/min. 
The effect of average current (80, 90 and 100 A) was 
determined by comparing the fusion condition and the 
formation of welding joints. The current differences 
between thermal pulse and thermal base at 20, 40 and  
60 A were determined under the optimum average 
current, respectively. After welding, the properties of the 
T-joint formed at three current differences were observed. 
The transverse sections taken from the joint beads were 
ground, polished and etched for the macrophotograph 
and microstructure analysis. 

 
Fig. 2 Relationship between droplet transfer and welding 
current 
 
2.2 Experimental verification 

To confirm the accuracy of the finite element  
model, both the calculated temperature and the stress 
fields were verified in the experiment. The time– 
temperature curves at specific positions of web near the 
fusion zone were recorded by K-type thermocouples. 
Meanwhile, the distribution of the flange residual stress 
was measured using the blind hole method. The layout of 
the points that measured is shown in Fig. 3, where the 
thermocouples were installed at Pints A, B and C and six 
strain gauges with 1 mm in length were located on the 
bottom surface of the flange from 1 to 6. To ensure the 
reproducibility of findings, the measurements were done 
three times and the mean value was recorded. 
 

 
 
Fig. 3 Schematic diagram of temperature and stress distribution 
of measuring points 
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3 Finite element analysis 
 

The 3D mesh model of T-joint was established to 
simulate the DP-MIG process using the commercial 
software ABAQUS. As shown in Fig. 4, the model is 
mostly made up of eight-node brick elements and 
contains a total of 40200 nodes associated with 28000 
elements. A very fine mesh size with an average value of 
1 mm is used around the fusion zone. The mesh size 
gradually increases with increasing the distance from the 
fusion boundary to guarantee the simulation accuracy 
and efficiency at the same time. The material suffers 
from a thermal cycle during the welding process, so the 
temperature-dependent physical and mechanical 
properties of the 6061-T6 Al alloy are assigned to the 3D 
simulation model [8]. 
 

 
 
Fig. 4 3D finite element model of T-joint 
 

A sequentially coupled thermo-mechanical analysis 
approach was adopted in this simulation, where the 
thermal analysis was performed firstly followed by the 
mechanical analysis, because the thermal field has a 
strong influence on the stress field but with little inverse 
influence [9]. 
 
3.1 Heat source and thermal analysis 

The choice of heat source model plays a decisive 
role in the precision of the welding temperature field. 
The double-ellipsoidal volumetric model proposed by 
DENG [10] was adopted and the heat source distribution 
was divided into front and rear ellipsoidals, which can be 
expressed as follows: 
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where x, y and z are the coordinates of the double- 
ellipsoidal volumetric model aligned with the welded 
T-joint, constants af, ar, b and c are the heat source 
parameters that can be adjusted to obtain the desired 
weld pool geometry according to the welding condition, 
ff and fr are the parameters that give a fraction of heat 
deposited in the front and rear parts, respectively. For the 
MIG welding process, ff and fr are assumed to be 1.4 and 
0.6, respectively. In addition, Q is the heat input of the 
welding heat source which can be expressed as: 
 
Q=ηUI                                      (3) 
 
where U is the arc voltage, I is the welding current and η 
is the thermal efficiency that is assumed to be 80% for 
the MIG welding. 

During the process of DP-MIG, the heat input Q is 
controlled both by high- and low-frequency pulse. As the 
high frequency reaches up to 250 Hz, resulting in the 
quick alternation of peak current and base current, the 
heat input dominated by the high frequency can be 
described with an average value. Therefore, the heat 
input Q of DP-MIG can be simplified as the change 
between thermal pulse and thermal base in the cycle of 
low-frequency pulse. 

The upper face of the web and the bottom face of 
the flange are in contact with the stainless fixture, so a 
large amount of heat energy is lost because of the 
thermal contact resistance at the interface of the web and 
flange, which can be coupled into the effect of heat 
convection by setting a large convection coefficient as 
400 W/(K·m2) [11]. Therefore, the boundary conditions 
for all heat exchange can be grouped into heat 
convection and radiation [12] to simplify the simulation 
process with the temperature-dependent heat transfer 
convection coefficient on the remaining surfaces, as 
shown in Fig. 5 [13]. To consider the thermal effects of 
weld pool solidification, a value of 3.9×105 J/kg was set 
as the latent heat between the solidus temperature   
(585 °C) and liquids temperature (659 °C). 
 
3.2 Mechanical analysis 

Mechanical analysis was carried out using the 
structural element C3D8R to obtain the stress field of the 
T-joint. The temperature field calculated in the thermal 
analysis was used as a predefined field. The 
displacement boundary condition of node D (shown in 
Fig. 4) with all freedom constrained was applied to the 
analysis model to avoid rigid movement of the T-joint 
during simulation. Moreover, the sliding effect due to 
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Fig. 5 Relationship between heat transfer coefficient of Al alloy 
and temperature 
 
expansion and contraction between the T-joint and 
fixture was taken into account by setting the 
representative friction coefficient value of 0.57 [14]. 

In addition, the technique of element birth and  
death [15] was adopted to simulate the weld filler 
variation with time in the T-joint fillet welds. The 
elements of weld filler were preset into the 3D model 
first and then killed by multiplying the matrix of heat 
transfer and stiffness with a severe reduction factor. 
Afterwards, the corresponding elements were reactivated 
to return the original values with welding process and to 
simulate the welding wire filling. 
 
4 Results and discussion 
 
4.1 Effect of average current I on morphology and 

microstructure of T-joint 
Average current I as a main parameter in the 

welding process affects the heat input Q directly, which 
would further determine the temperature distribution and 
fusion condition of the welding joint. Figures 6(a), (b) 
and (c) show the temperature fields and the transverse 
section of weld pools at average currents of 80, 90 and 
100 A, respectively. The corresponding bead width and 
depth of the T-joints are presented in Table 1. It can be 
seen that both the temperature and the dimension of weld 
pools correspondingly increase with the increase of 
average currents. As the average current increases, the 
arc heating area of the workpiece is enlarged and the arc 
force is enhanced, which results in the increase of bead 
width and depth of T-joints, respectively [16]. In addition, 
the isotherm corresponding to the melting of the base 
metal at the DP-MIG current of 90 A is compared with 
the weld pool shape obtained by the experiment with the 
same parameters, as shown in Fig. 7, verifying the 
accuracy of the result by simulation. 

 

 
Fig. 6 Temperature distribution and weld pool dimensions    
at different average currents (a) 80 A; (b) 90 A; (c) 100 A 
 
Table 1 Bead width and depth at three different average 
currents 

Current/A Bead width/mm Bead depth/mm 

80 5.1 5.1 

90 6.0 6.2 

100 6.8 6.7 

 

 
 
Fig. 7 Simulation (a) and experiment (b) comparison of bead 
width and depth at average current of 90 A 
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Combined with the formation of welding joints at 
various average currents, as shown in Fig. 8, the weld 
pool dimension at an average current of 90 A is the best 
when the maximum temperature of the weld pool is 
almost 200 °C which is higher than its melting point. The 
defects occur at other average currents, caused by either 
excessive or insufficient heat input. When the average 
current maintains at 80 A, the welding joint is 
deteriorated and discontinued because of its poor arc 
stiffness. In addition, the formation of joint between the 
web and flange is poor with incomplete fusion defects. 
At the average current of 100 A, the highest temperature 
of the weld pool is almost 350 °C which is higher than 
the melting point, which leads to some collapse. The 
microstructures of welds are greatly affected by the 
average currents. Generally, the kinetic energy for 
growing microstructures increases with increasing the 
applied current, as shown in Fig. 9. To ensure that the 
weld fusion case is acceptable, the welding current must 
be reduced as much as possible. 

In conclusion, the optimum average current is 90 A 
with good formation of T-joint and uniform 
microstructure. 
 

 

Fig. 8 Welding joints formation at different average currents:  
(a) 80 A; (b) 90 A; (c) 100 A 
 
4.2 Effect of welding current difference ΔI on 

morphology and microstructure of T-joint 
The temperature and stress of weld pools change 

with the cycle of low-frequency pulse that changes from 
low frequency to high frequency during the process of 
DP-MIG. This phenomenon favors the formation of 
typical rippling appearance on the welding joint, as well 
as enhances the flow of weld pools to produce a more 
uniform and finer microstructure [17]. Therefore, the 
current difference between the thermal pulse and the 
thermal base possibly plays an important role in  
DP-MIG. In the present work, the current differences of 
20, 40 and 60 A at the optimum average current of 90 A 
were simulated to investigate the effect of current 
difference. Figure 10 shows the maximum temperature 
evolution of the weld pool within a low frequency cycle. 
Figure 11 exhibits the stress of the transverse section 
vertical to the weld line during the period of thermal 
pulse and thermal base at three current differences.  

 

 

Fig. 9 Microstructures of welding joints at different currents:  
(a) 80 A; (b) 90 A; (c) 100 A 
 

 
Fig. 10 Maximum temperature evolution of weld pool in low 
frequency cycle 
 
Clearly, both the maximum temperature and stress of the 
weld pool are higher in thermal pulse stage as a result  
of larger amount of heat input and arc force in contrast 
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Fig. 11 Weld pool stress between thermal pulse and    
thermal base at different current differences: (a) 20 A; (b) 40 A; 
(c) 60 A 
 
with those in the thermal base. Furthermore, the 
differences of temperature and stress between the two 
stages become larger with the increment of current 
differences. 

As previously reported, the temperature difference 
during thermal pulse and thermal base directly influences 
the appearance and quality of welding joints. The 
appearances of the welding joints at three current 
differences are shown in Fig. 12. A clear and smooth 

fish-scale-like appearance of welding joint is achieved at 
the current difference of 40 A, whereas at the remaining 
current differences, the welding joints are sparse and 
resemble rigid fish scales. The surface of welding joint at 
the current difference of 60 A is porous, mainly caused 
by its larger temperature difference of about 200 °C  
(Fig. 12). The excessive temperature difference leads to a 
fast and large temperature decrease from thermal pulse to 
thermal base, resulting in quick reduction in the gas 
solubility and rapid solidification, both of which obstruct 
the gas release action and lead to gas deposited in the 
weld pool [18]. 
 

 
Fig. 12 Formation of welding joints at different current 
differences: (a) 20 A; (b) 40 A; (c) 60 A 
 

The stress difference of weld pools between the 
thermal pulse and thermal base during welding not only 
improves the uniformity of alloy element distribution, 
but also disturbs the coarse columnar grains into small 
grains by the stirring effect on the weld pools, both of 
which influence the micro-morphology of the welding 
joint and promote the heterogeneous nucleation in the 
solidification process of weld pools [19]. Generally, the 
higher the stress difference is, the more uniform and finer 
the microstructure attained on the welding joint is. The 
microstructure at the current difference of 20 A with the 
smallest stress difference is made up of coarse branch 
crystals (Fig. 13(a)). When the current difference 
increases to 40 A, the microstructure of the weld pool 
becomes more uniform and finer, possibly due to 
increasing the stress difference to 10 MPa. However, the 
microstructure at the current difference of 40 A is close 
to that at the current difference of 60 A, although the 
stress difference increases from 10 to 20 MPa. 

From the results of simulation and experiment, the 
welding joint at current difference of 40 A with the 
temperature difference of 100 °C and stress difference of 
10 MPa between thermal pulse and thermal base gains 
the best joint quality, with smooth fish-scale appearance 
and uniform microstructure. 
 
4.3 Simulation verification 

The simulated results of temperature−time curves 
and longitudinal residual stress distribution were verified  
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Fig. 13 Microstructures of welding joints at different current 
differences: (a) 20 A; (b) 40 A; (c) 60 A 
 
by comparison with experiment using the optimum 
average current of 90 A and current difference of 40 A, as 
shown in Fig. 14. Points A, B and C are shown in Fig. 3. 
The result of simulation agrees well with the 
experimental data, but the residual stress measured by 
experiment, especially away from the fusion zone, is 
generally higher than the simulation value, which can be 
mainly attributed to the inevitable stress caused in the 
processing technology [20]. Nevertheless, the overall 
comparison results are good enough to verify the 
precision of temperature and stress fields obtained by 
finite element simulation in DP-MIG. 
 
5 Conclusions 
 

1) The welding bead width and depth of the T-joint 
increase with increasing the average current. According 
to the results of simulation and experiment, the formation 
and quality of welding joint obtained at the average  

 

 
Fig. 14 Comparison of experiment measurements and simulation 
results: (a) Temperature−time curves; (b) Longitudinal residual 
stress 
 
current of 90 A is the best due to its proper fusion 
condition. 

2) As the current difference increases, the 
differences of weld pool temperature and stress between 
thermal pulse and thermal base increase accordingly. At 
the current difference of 40 A with temperature 
difference of 100 °C and stress difference of 10 MPa, a 
high-quality welding joint with a smooth fish-scale 
appearance and uniform microstructure is obtained. 

3) The simulated results of temperature−time curves 
and residual stress distribution are in good agreement 
with the experimental measurements. 
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焊接电流对双脉冲 MIG 焊铝合金 
T 型接头形貌和显微组织的影响 

 
易 杰，曹淑芬，李落星，郭鹏程，刘开勇 

 
湖南大学 汽车车身先进设计制造国家重点实验室，长沙 410082 

 
摘  要：通过模拟和实验研究电流对 T 型接头铝合金双脉冲惰性气体保护(MIG)焊的影响。通过建立三维有限元

模型和双椭球模型来模拟不同焊接条件下的温度场和应力场。此外，还通过实验对相应电流下合金的宏观和微观

形貌进行观察。结果表明：最优焊接条件为平均电流为 90 A，且强弱脉冲电流差值为 40 A，此时熔池最高温度比

熔点高 200 °C，且强脉冲阶段和弱脉冲阶段温度差和应力差值分别为 100 °C 和 10 MPa 时，该条件下熔合较好的

铝合金 T 型接头具有平滑的鱼鳞纹状焊缝和良好的显微组织。此外，实验和模拟得到的温度曲线和应力分布曲线

吻合较好，验证了焊接模拟的准确性。 

关键词：双脉冲 MIG 焊；铝合金 T 型接头；焊接电流；应力 
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