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Abstract: Wrought magnesium alloy sheets were butt welded with gas metal arc welding process. Pores in the weld were 
investigated under different welding parameters, the causes of pore formation were systematically disposed, and the effects of 
porosity on the microstructure and mechanical properties of the joint were analyzed. The microstructure examination shows that the 
pores mainly appear close to the top or bottom part of the weld, and could connect to each other and lead to the formation of cracks 
in the welds. However, the pores can be controlled with proper welding parameters. The tensile testing results reveal that the average 
joint strength is close to or higher than that of the base metal. The microhardness in the weld can be even higher than that in the base 
metal due to the second phase strengthening of β-Mg17(Al, Zn)12 formed in the weld. 
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1 Introduction 
 

Magnesium and magnesium alloys have low  
density, high specific strength and stiffness, high 
damping capacity, good cast ability and good 
electromagnetic interfere shielding capacity [1,2]. 
Therefore, magnesium alloys are considered one of the 
most potential engineering materials in the twenty-first 
century to replace steel and aluminum alloys in many 
structures [3,4]. 

At present, fusion welding processes, such as gas 
metal arc welding [5], laser welding [6] and gas tungsten 
arc welding [7], have been widely investigated to join 
magnesium alloys; however, it is still a challenge to 
achieve solid magnesium alloy welds with fusion 
welding processes because defects such as pores, cracks 
and slag inclusions often occur in the resultant weld. 
Especially, pores are often found in the weld during 
fusion welding of magnesium alloy. ZHAO and 
DEBROY [8] conducted laser welding of AM60B 
casting magnesium alloy and suggested that the porosity 
in the weld could be increased by the coalescence     
of pores, which already existed in the base metal before 
welding, and the increase of pore radius caused by the 

decrease of surface tension pressure. LIU et al [9] 
studied the pore formation during hybrid laser-tungsten 
inert gas welding of AZ31B magnesium alloy and found 
the inert gas protection of laser beam could be  
effectively improved by appending lateral shielding gas 
for laser beam and the amount of pores could be 
significantly reduced. WU et al [10] investigated the 
effects of hydrogen levels on the porosity and 
mechanical properties of AZ91 magnesium alloy  
castings and proposed that the microporosity   
increased with the increase of hydrogen content. 
Meanwhile, the tensile strength of the joint decreased 
with the increase of hydrogen level. Moreover, 
HAFERKAMP et al [11] considered that the presence of 
gas inclusions in the base metal could result in the 
formation of large pores in the weld during laser welding 
of magnesium alloys. 

However, the literatures on the gas metal arc 
welding of magnesium alloys are limited, especially the 
distribution of pores in the consequent weld. In this  
study, the microstructure and mechanical properties of 
the magnesium alloy joints made with gas metal arc 
welding were studied, and the effect of porosity on the 
mechanical properties of the resultant joint was 
systematically investigated. 
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2 Experimental 
 

The wrought AZ31B magnesium alloy sheets with 
dimensions of 200 mm×80 mm×1.6 mm were gas metal 
arc welded with AZ61A magnesium alloy wire with 
diameter of 1.6 mm. Butt joints were made on a backing 
plate with 8 mm wide and 1 mm-deep groove for the 
bead formation control on the backside of the weld. The 
nominal compositions of the base metal and filler wire 
are listed in Table 1. Before welding, the work piece was 
cleaned with acetone to remove grease or oil and brushed 
with a stainless steel brush to remove oxide films from 
the faying surfaces. 

 
Table 1 Nominal compositions of AZ31B and AZ61A 
magnesium alloys (mass fraction, %) 

Alloy Al Zn Mn Cu Fe 

AZ31B 2.5−3.5 0.5−1.5 0.2−0.5 0.04 0.005

AZ61A 5.8−7.2 0.4−1.5 >0.15 0.05 0.005

Alloy Ca Si Ni Others Mg

AZ31B 0.10 0.10 0.005 − Bal.

AZ61A − 0.10 0.05 0.30 Bal.

 
During welding, argon was used as the shielding gas 

at a flow rate of 15 L/min. The droplet transfer mode was 
spray transfer, the contact tip to work distance was    
15 mm and the welding voltage was 26.5 V. The welding 
current was coupled with the wire feeding speed as the 
welding source was designed, and the wire feeding speed 
and travel speed are listed in Table 2. After welding, the 
specimens were transversely cut from the joints, 
mounted and polished for microstructural examination 
by an optical microscope. The distribution of the alloying 
elements was measured with electron probe 
microanalysis (EPMA), and the microhardness test was 
conducted along the cross-section of the weld. Three 
samples from each joint were prepared for tensile test 
and the dimensions of the samples are shown in Fig. 1. 
The tensile strength of the AZ31B magnesium alloy base 
metal was measured to be 278 MPa on average. 
 
Table 2 Welding parameters during gas metal arc welding of 
AZ31B magnesium alloy 

Joint number 
Travel speed/ 

(mm·s−1) 
Wire feeding speed/ 

(mm·s−1) 
GMAW−1 6.7 110 

GMAW−2 8.3 100 

GMAW−3 8.3 110 

GMAW−4 8.3 120 

GMAW−5 10.0 110 

 

 

Fig. 1 Dimensions of sample for tensile testing 
 
3 Results and discussion 
 
3.1 Microstructure 

The typical microstructure of the weld from joint 
GMAW−3 is shown in Fig. 2. The base metal (BM), 
weld and heat-affected zone (HAZ) could be obviously 
distinguished from each other, and the fusion boundary is 
clear. It can be seen that the grains are coarser in the 
heat-affected zone than those in the weld and base metal. 

 

 
Fig. 2 SEM image of weld from joint GMAW−3 at travel speed 
of 8.3 mm/s and wire feeding speed of 110 mm/s 
 

The backscattered electron image taken in the weld 
from joint GMAW−1 is shown in Fig. 3, and a pore with 
diameter of around 350 μm appears in the center of the 
image. The contents of major elements at three typical 
spots were examined by EPMA. The scanning results at 
spots A, B and C and the calculated phases are listed in 
Table 3. The measurement shows that the contents of  
Mg, Zn and Al at the gray matrix (spot A) are 98.635%, 
0.295% and 1.070%, respectively, and the contents of Al 
and Zn at the bright area (spot B) are 7.605% and 
7.685%, respectively, which are much higher than those 
at spot A. Spot C is located within the inner wall of the 
pore and a high percent of nitrogen is detected. It can be 
seen from Table 3 that the nitrogen content at spot C is as 
high as 21.151% and this high amount of nitrogen could 
easily react with magnesium at elevated temperatures to 
form nitride, such as Mg3N2 [9]. Based on the above 
measurement, it can be postulated that the microstructure 
in the weld consists of β-Mg17(Al, Zn)12 phases 
uniformly dispersing in the α-Mg matrix, and the similar 
microstructure was also reported by XU et al [12]. 



DONG Hong-gang, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1336−1341 

 

1338 

 

 
Fig. 3 Backscattered electron image of weld from joint 
GMAW−1 
 
Table 3 EPMA elemental scanning analysis result of weld in 
Fig. 3 (mass fraction, %). 

Position Mg Al Zn N Calculated phase
Spot A 98.635 1.070 0.295 − α-Mg 

Spot B 84.711 7.605 7.685 − 
α-Mg and 

　β-Mg17(Al, Zn)12

Spot C 75.487 1.001 2.361 21.151 α-Mg and Mg3N2 

3.2 Distribution of pores in weld 
The microstructures in the magnesium alloy welds 

made with gas metal arc welding process under different 
welding parameters are shown in Fig.4. It can be seen 
that irregular pores with diameter ranging from 50−  
350 μm mainly appear close to the top or bottom part of 
the welds. Meanwhile, pores in the weld could connect to 
each other and form bigger pores, or even yield cracks 
due to the existence of thermal stress in the joints as 
shown in Figs. 4(a) and (c). 

As discussed above, nitrogen is detected in the inner 
wall of a pore indicating that the air, which accidentally 
entered the weld pool during welding, could be trapped 
in and form pores if the air could not escape from the 
weld pool upon solidification. This phenomenon was 
also reported by LIU et al [9] while conducting hybrid 
laser-tungsten inert gas arc welding of magnesium alloy 
AZ31B. Meanwhile, pores in the magnesium weld could 
come from bubbles resulted from the moisture and/or 
evaporation of those elements (such as Mg and Zn) with 
low melting point and high vapor pressure existing in the 
magnesium alloy base metal [13]. 

 

 

 

Fig. 4 SEM images of welds from joints: 

(a) GMAW−2; (b) GMAW−5 on top 

surface; (c) GMAW-5 on bottom surface; 

(d) GMAW−3; (e) GMAW−4 
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Due to the low density of magnesium, the buoyancy 
is too small for the bubbles to quickly move upward and 
escape from the weld pool during the solidification after 
welding [14]. It can be seen from joint GMAW−5 in  
Fig. 4(b) that a pore forms at the upper part of the weld. 
Besides the buoyancy factor, the relatively long escaping 
distance resulted from the thick weld reinforcement also 
increases the possibility of the formation of pores at the 
upper part of the weld. 

However, the amount of pores in the weld can be 
controlled with proper welding parameters. It can be seen 
from joint GMAW−3 in Fig. 4(d) that pores disappear in 
the weld when the travel speed is 8.3 mm/s and the wire 
feeding speed is 110 mm/s. However, if the travel speed 
is higher, for instance, 10 mm/s in this experiment, 
bubbles in the weld pool would not have enough time to 
escape since the subsequent solidification is also faster, 
as shown from joint GMAW−5 in Figs. 4(b) and (c). On 
the other side, if the travel speed decreases, this means 
longer existing time for the weld pool, so the bubbles in 
the weld could easily escape. However, lower travel 
speed also generates more evaporation of Mg and Zn 
elements and more chances to form bubbles in the weld 
pool, and consequently more pores would occur in the 
weld, as seen from joint GMAW−1 in Fig. 3. 

The wire feeding speed is another important factor 
for controlling the amount of pores in the weld because 
faster wire feeding speed represents higher welding 
current. Comparing the images in Figs. 4(a), (d) and (e), 
it can be seen that the pores are eliminated only when the 
wire feeding speed is 110 mm/s. When the wire feeding 
speed is lower as 100 mm/s or higher as 120 mm/s, the 
resultant heat input is just like that with faster or slower 
travel speed, respectively. Therefore, the parameters 
matching between the travel speed and wire feeding 
speed is critical for controlling the pores in the 
magnesium alloy weld. 
 
3.3 Tensile test 

The relation between the tensile strength and the 
wire feeding speed is illustrated in Fig. 5 with the travel 
speed kept constant of 8.3 mm/s. The tensile strength 
slightly drops from 271 to 263 MPa when the wire 
feeding speed increases from 100 to 120 mm/s. The 
tensile strength of joint GMAW−2 is equal to that of 
joint GMAW−3, although the amount of pores in the 
weld in joint GMAW−2 is larger than that in joint 
GMAW−3, which can be seen by comparing Figs. 4(a) 
with (d). 

The relation between the tensile strength and the 
travel speed is shown in Fig. 6 with the wire feeding 
speed kept constant of 110 mm/s. The tensile strength 
decreases from 282 to 261 MPa when the travel speed 
increases from 6.7 to 10.0 mm/s. 

 

 

Fig. 5 Tensile strength vs wire feeding speed at travel speed of 
8.3 mm/s 
 

 

Fig. 6 Tensile strength vs travel speed at wire feeding speed of 
110 mm/s 
 

The average tensile strength of joints GMAW−2 and 
GMAW−3 (271 MPa) is close to that of the base metal 
(278 MPa), but that of joint GMAW−1 (282 MPa) is 
stronger than the base metal, although there are pores in 
the welds from joints GMAW−1 (Fig. 3) and GMAW−2 
(Fig. 4(a)). However, it should be noted that the 
reinforcement of the testing samples is not removed in 
order to retain the pores. Therefore, the above result is 
reasonable since the weld reinforcement might 
compensate for the reduction of the effective 
cross-sectional area caused by the pores in the weld to 
bear the load during tensile testing. 

All the specimens fracture either in the heat-affected 
zone or in the base metal during tensile test and the 
representative photos of the fracture positions are shown 
in Fig. 7. It can be seen that the fracture occurs in the 
heat-affected zone for joint GMAW−1 (Fig. 7(a)) or in 
the base metal for joint GMAW−5 (Fig. 7(b)) although 
pores exist in both welds. 
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Fig. 7 Fracture positions in joints GMAW−1 (a) and  
GMAW−5 (b) during tensile test 
 
3.4 Microhardness 

The distribution of microhardness in the joint 
GMAW−1 is shown in Fig. 8. The load is 0.98 N and the 
duration time is 15 s during testing. The results show that 
the microhardness in the weld is at the same level or 
even higher than that in the base metal. However, the 
microhardness in the heat-affected zone with coarse 
grains is much lower, which explains why the fracture 
occurs in the HAZ during tensile testing, although the 
average strength of this joint is higher than that of the 
base metal. 
 

 

Fig. 8 Distribution of microhardness in joint GMAW−1 

Orowan strengthening mechanism indicates that the 
microhardness of a material can be improved by 
distributing second phase strengthening particles in the 
matrix [15]. In this experiment, the weld contains higher 
Al content than the base metal because the AZ61A 
magnesium alloy filler wire has larger amount of Al than 
the AZ31B magnesium alloy base metal. According to 
Al−Mg binary phase diagram [16], the amount of 
β-Mg17(Al, Zn)12 phases is therefore larger in the weld 
than those in the base metal and heat-affected zone. 
Consequently, the measured microhardness value in the 
weld is higher because the β-Mg17(Al, Zn)12 phases work 
as the second phase strengthening particles. 
 
4 Conclusions 
 

1) AZ31B magnesium alloy sheets are gas metal arc 
welded with AZ61A magnesium alloy as the filler metal. 
Pores mainly appear at the top or bottom part of the weld 
and cracks could be generated due to the connection of 
pores. The amount of pores in the weld could be 
controlled by properly matching the travel speed and 
wire feeding speed. 

2) The tensile strength of the magnesium joints is 
close to or even higher than that of the base metal despite 
the existence of pores in the weld. Fracture happens in 
the heat-affected zone or in base metal during tensile 
testing. 

3) The microhardness in the weld is higher than that 
in the base metal due to the second phase strengthening 
effect of the β-Mg17(Al, Zn)12 phases formed in the weld, 
but the microhardness value is lower in the heat-affected 
zone with coarse grains than in the weld and base metal 
with fine grains. 
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AZ31B 镁合金熔化极气体保护焊焊缝的组织和力学性能 
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摘  要：使用熔化极气体保护焊对变形镁合金板材对接。在不同焊接工艺参数下观察焊缝中的气孔特征，分析气

孔成因以及气孔对接头微观组织和力学性能的影响。显微组织检测结果表明：气孔主要分布在焊缝顶部或底部，

而且气孔能相互连接甚至产生裂纹。然而，在合适的焊接工艺参数下，气孔的产生可以得到有效控制。拉伸测试

结果表明：接头的平均抗拉强度接近甚至高于母材。由于第二相 β-Mg17(Al, Zn)12 的强化作用，焊缝区的硬度高

于母材。 

关键词：镁合金；熔化极气体保护焊；气孔率；微观组织；第二相强化 
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