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Abstract: A novel Al−Mg−Er−Zr alloy was welded by highly efficient tandem GMAW, and the effect of Er on the porosity, 
microstructure and mechanical properties of the weld joints were investigated by comparing them with Al5083 alloy weld 
joints. The results showed that compared to the welds without Er addition, the porosity decreased from 0.78% to 0.38%, 
which was attributed to the ability of Er to reduce the content of free hydrogen in the welds. Furthermore, the grain size 
near the fusion boundary and weld metal (WM) was significantly refined with the addition of Er. Grain refinement near 
the fusion boundary was attributed to the heterogeneous nucleation induced by Al3(Er,Zr) from base metal, while grain 
refinement in WM was caused by the hindering effect of Al3Er on grain boundary migration. Additionally, the ultimate 
tensile strength of the weld joints increased from 272.44 to 338.74 MPa with Er addition. The precipitation strengthening 
induced by Al3Er contributed to an increase by 20% in strength. 
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1 Introduction 
 

Al−Mg alloys with high specific strength and 
good corrosion resistance have been widely used in 
aerospace, shipbuilding, and new energy vehicle 
fields [1−3]. As typical non-heat-treated 
strengthening alloys, Al−Mg alloys achieve strength 
through solution-strengthening and work-hardening 
of Mg solute atoms [4]. However, the content of Mg 
is typically restricted to 3−6 wt.% to reduce the 
formation of Al3Mg2, which is harmful for the 
corrosion and strength properties of Al−Mg alloys 
[5,6]. Considering this, adding other elements in 
Al−Mg alloys is necessary to acquire high 
mechanical performance. 

Micro-alloying as an effective way has attracted 
considerable attention during the past several 
decades [7,8]. The alloying elements, such as 
transition elements (Ti, Zr, Mn, etc.) and rare earth 
elements (Sc, Er, etc.), can refine grain size and 
improve the strength properties of Al−Mg alloys 
[9−11]. Among them, Er, with active chemical 
properties and lower prices, has emerged as the most 
promising micro-alloying element for Al−Mg alloys 
[12]. Extensive research has claimed that a fine, 
coherent L12 structure Al3Er with high thermal 
stability can form during Al−Er solid solution 
decomposition and can be amplified by the 
simultaneous addition of Zr to create Al3(Er,Zr) 
[13−15]. It has been reported that these precipitates 
can optimize the microstructure [16], hinder the grain 
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boundary [17], and pin the dislocation [18]. 
Consequently, a new type of Al−Mg−Er−Zr alloy 
with high thermal stability and superior mechanical 
properties was designed. 

In order to make Al−Mg−Er−Zr alloy widely 
used in industrial production, researchers [19,20] 
have focused on the welding techniques for this alloy 
in recent years, including tungsten inert gas welding 
(TIG), laser beam welding [21], and friction stir 
welding (FSW) [22,23]. Although the above 
methods are suitable for welding Al−Mg−Er−Zr 
alloy with thin thickness, there are still lack of 
advanced welding methods for this kind of alloy as 
the thickness increases, which maintain good quality 
and efficiency. In addition to the welding method, the 
filler metal is also a key factor to be considered. 
Nowadays, the filler metal containing Er is regarded 
as the best choice for welding Al−Mg−Er−Zr alloy, 
in accordance with the principle of strength matching 
[24]. Therefore, the effect of Er on weld joints needs 
to be assessed. PENG et al [25] found that Er in the 
molten pool during selective laser melting decreased 
the porosity from 5.9% to 3.4%. YANG et al [26] and 
SUN et al [27] acutely observed that many refined 
equiaxed grains dominated near the fusion boundary 
of Al−Mg−Er−Zr alloy weld joints, contrary to the 
columnar grains in ordinary Al−Mg alloys. 
Moreover, the tensile strength and hardness of the 
weld joints were improved with the addition of Er, 
attributed to the effect of grain refinement 
strengthening and precipitation strengthening from 
Al3Er/Al3(Er,Zr) [28−30]. These findings have 
revealed that adding Er in the welds effectively 
suppresses porosity and enhances strength. However, 
the mechanism by which Er affects weld porosity 
remains unclear, and the influence of Er on the 
mechanical properties of the weld joints has only 
been qualitatively discussed. Consequently, further 
fundamental research is required to clarify the role of 
Er on the weld porosity and to precisely determine 
its impact on the mechanical properties of weld 

joints. 
In this study, a highly efficient tandem GMAW 

method was used to weld Al−Mg−Er−Zr alloy with 
10 mm in thickness. Based on this, the mechanism of 
Er on porosity suppression was clarified by 
investigating the interaction between Er and 
hydrogen in the weld metal (WM). The effect of Er 
on the microstructure and strength properties of the 
weld joints was discussed and compared with the 
weld joints without Er. The results of this study 
provide a systematic insight into the role of Er on the 
porosity and microstructure of weld joints, providing 
theoretical support for the further application of 
Al−Mg−Er−Zr alloy in industrial production. 
 
2 Experimental 
 

The base metals (BMs) employed to 
manufacture weld joints were a new type of alloy 
named Al−Mg−Er−Zr and commercialized Al5083. 
Micro-alloying ER5E61 and normal ER1561 alloys, 
both with diameters of 1.2 mm, were selected     
as the filler metals (FMs) to weld Al−Mg−Er−Zr  
and Al5083 alloys, respectively. The chemical 
compositions of the BMs and FMs were determined 
by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), as listed in Table 1. 

As shown in Fig. 1(a), Fronius TPS 5000 
welding system was used to manufacture butt joints 
with V-type grooves, as shown in Fig. 1(c). The 
distance between the two wires along the welding 
direction was 10 mm, with the wire extension length 
being 18 mm. The two welding power sources 
worked in synergic pulse mode with a phase 
difference of 180°. The average welding current, 
voltage and speed were 187 A, 23.4 V and 
360 mm/min respectively. The shielding gas was 
pure argon, and its flow rate was 25 L/min. 

The specimens were prepared from the 
transverse section of the weld joints and 
mechanically polished, and then were etched with  

 
Table 1 Chemical composition of BMs and FMs (wt.%) 

Alloy Cr Cu Fe Mg Mn Si Ti Zn Zr Er Al 

Al−Mg−Er−Zr 0.01 0.01 0.09 6.12 0.87 0.01 0.03 0.01 0.10 0.11 Bal. 

Al5083 0.09 0.05 0.12 4.51 0.66 0.11 0.01 0.03 − − Bal. 

ER5E61 0.01 0.01 0.08 5.86 1.02 0.06 0.01 0.01 0.10 0.26 Bal. 

ER1561 0.02 0.02 0.10 5.65 0.87 0.05 0.04 0.02 0.11 − Bal. 
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Fig. 1 Schematic of tandem GMAW system (a), location 
of specimens (b), shape and dimension of groove (c), 
metallographic specimen (d), X-ray specimen (e), and 
tensile specimen (f) (unit: mm) 
 
Keller reagent (composed of 1 mL HF + 1.5 mL  
HCl + 2.5 mL HNO3 + 95 mL deionized water) for 
30 s. The specific dimensions of the specimens are 
shown in Fig. 1(d). The microstructure was then 
characterized using optical microscopy (OM, Zeiss 
Imager A2m), scanning electron microscopy (SEM, 
TESCAN GAIA3 and VEGA3) equipped with Time-
of-Flight Secondary Ion Mass Spectrometry (TOF-
SIMS) and electron back-scattered diffraction 
(EBSD) systems. EBSD samples were electro-
polished with the electrolyte (5 ml HClO4 + 95 mL 
CH3CH2OH) at the voltage of 30 V for 30 s. Channel 
5 software was used to analyze the grain size, 
average misorientation, and crystallographic 
orientation. Thin foils for transmission electron 
microscopy (TEM, JEM−2100) testing were 
prepared by twin-jet polishing. Nano precipitates 
were observed using TEM equipped with selected 
area electron diffraction (SAED) at operating voltage 
of 200 kV. The composition of the precipitates was 
measured using TEM−EDS point scan mode. 
Quantitative analysis of the precipitates was 

conducted using Image-Pro software. 
The 3D distribution of pores in the weld joints 

was detected by advanced X-ray microscopy (XRM, 
Zeiss Xradia 520), and the data were analyzed with 
Dragonfly software. The test parameters were 
operating voltage of 140 kV, operating power of 
10 W, exposure time of 1 s and a resolution of 
21.989 μm. Vickers microhardness across the 
Al−Mg−Er−Zr weld joints and Al5083 weld joints 
were tested using a load of ~2.9 N and a holding time 
of 10 s. Tensile tests were performed on a universal 
testing machine (Z100 TEW) with displacement rate 
of 1 mm/min at room temperature (25 °C) in 
accordance with the GB/T 2651−2008 and GB/T 
228.1−2010. The standard tensile specimens are 
shown in Fig. 1(f). 
 
3 Results and discussion 
 
3.1 Effect of Er on hydrogen pores 

Figures 2(a) and (b) show the 3D morphology 
and distribution of pores in the WM with and without 
Er addition, respectively. According to the diameters 
of pores and the limitations of XRM resolution, the 
pores in the WM can be divided into three categories: 
50−100 μm, 100−200 μm and over 200 μm, as 
shown in Figs. 3(a) and (b). Among these the 
categories, the fraction of 50−100 μm in diameter 
accounted for 74.72% and 60.65% for the WM with 
and without Er addition, which indicated that both 
weld joints were characterized with mainly small 
sized pores. With the addition of Er, the porosity was 
reduced from 0.78% to 0.38%. The maximum size of 
the pores decreased from 380 to 260 μm, and the 
fraction of pores over 200 μm decreased from 8.61% 
to 2.43%. The above results showed that the addition 
of Er decreased the size of pores in the WM and 
reduced the welding porosity. 

It was believed that the formation of hydrogen 
pores is mainly due to the different solubilities of 
hydrogen in molten and solid aluminum [31], which 
provided large amount of free hydrogen in the weld 
during solidification process. Notably, Er in the weld 
decreased the content of free hydrogen by trapping it 
or reacting with it, as shown in Fig. 4. According to 
Hume−Rothery theory, the solid solubility of Er in α-
Al is extremely low, and its limited solubility in the 
equilibrium state is only 0.05 wt.% [30]. Therefore, 
a large number of Er-rich precipitates sized 1−2 μm 
with different morphologies, formed during the 
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Fig. 2 3D characteristics of pores in WM of Al alloy with and without Er: (a) Al−Mg−Er−Zr alloy; (b) Al5083 alloy 
 

 

Fig. 3 Statistical results of pores in WM of Al alloy with and without Er: (a) Al−Mg−Er−Zr alloy; (b) Al5083 alloy 
 
solidification process, as shown in Fig. 4(a). 
Figures 4(b−d) clearly demonstrate that these Er-
enriched precipitates trapped many hydrogens in the 
weld. These trapped hydrogens could not nucleate 
and grow into bubbles, and therefore had no effect 
on the porosity. Moreover, some ErH clusters were 
observed near these precipitates, as shown in 
Fig. 4(e). HAN et al [32] pointed out that lanthanides 
could react with free hydrogen in the melt to generate 
ReH2. Er and hydrogen in the molten pool would 
react as follows: 
 
Er+2[H]→ErH2                                          (1) 
 

From the thermodynamic point of view, the 
conditions for the above reaction that occurred 
spontaneously are as follows [33]: 
 
∆G=∆HΘ−T∆SΘ=−220900+147.8T<0          (2) 
 
where ∆G is Gibbs free energy, ∆HΘ and ∆SΘ are 
respectively standard molar enthalpy (J/mol) and 
entropy (J/(mol∙K)) of the Er−H system, and T is the 
temperature in K. 

When the temperature is lower than 1494.6 K, 

the reaction between Er and hydrogen is spontaneous 
with decreased Gibbs free energy. Therefore, Er 
continuously reacted with hydrogen to form ErH2 
during the solidification of the molten pool. The ErH 
clusters (generated by ErH2 ionization) near the Er-
enriched precipitates further proved the above 
process, indicating that Er could also reduce the 
content of free hydrogen by forming hydrides. 

Figure 5 schematically displays the effect of Er 
on weld porosity. As shown in Fig. 5(a), plenty of 
dispersed Er-enriched precipitates and oxides 
formed in the molten pool during solidification. With 
the decrease in temperature, large amounts of 
hydrogen were released from the melt and attracted 
by these precipitates, as shown in Fig. 5(b). Due to 
the Er-enriched precipitates acting as hydrogen 
trapping sites and forming hydrides, the amount of 
hydrogen bubbles was reduced significantly, as 
shown in Fig. 5(c). 

 
3.2 Effect of Er on grain refinement 

The microstructure of weld joints without and 
with the addition of Er is presented in Fig. 6. The 
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Fig. 4 (a) Distribution and morphology of precipitates in weld metal; (b) TOF-SIMS scanning region; (c−e) TOF-SIMS 
scanning results highlighting Er, H, and polyatomic ion ErH, respectively 
 

 
Fig. 5 Schematic diagram of effect of Er on weld porosity: (a) Formation of Er-rich precipitate; (b) Release of hydrogen; 
(c) Effect of Er on hydrogen 
 

 
Fig. 6 IPF maps of weld joints with and without Er: (a, b, c) Al5083 alloy; (d, e, f) Al−Mg−Er−Zr alloy 
 
fusion zone of Al5083 weld joints was composed of 
typical columnar grains with obvious epitaxial 
growth orientation, as shown in Fig. 6(b), which was 
consistent with the higher temperature gradient (G) 

and lower crystal growth rate (R) near the boundary 
of the molten pool. However, with the addition of Er, 
a narrow band of equiaxed grain zone (EQZ) 
appeared along the fusion boundary, as shown in 
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Fig. 6(d). The width of the EQZ was about 60 μm. It 
was noted that grains in this region were 
significantly refined and had no orientation 
relationship with each other (Fig. 6(e)). The average 
diameter of grains in EQZ was 8.87 μm. 

The microstructures of the WM center without 
and with Er are shown in Figs. 6(c) and (f). The maps 
illustrated that coarsen equiaxed grains appeared in 
the WM center in both cases, which agreed with the 
decrease in the G/R ratio from the boundary to the 
center. However, the average diameters of grains at 
the center of WM with and without Er were 53.79 
and 86.96 μm, respectively, showing that the 
addition of Er reduced the grain size at the WM 
center significantly. 

The TEM image (Fig. 7(a)) taken from EQZ 
showed that the heterogeneous nucleation particle 
was found within equiaxed grains. The SAED result 
revealed that the particle has L12 superlattice 
structure, as demonstrated in Fig. 7(b). Combined 
with the EDS results, it could be inferred that the 
particle was Al3(Er,Zr), which evolved from Al3Er. 
The lattice constant of this particle was close to that 
of the matrix Al, as shown in Fig. 7(e). The mismatch 
between the particle and the matrix was 0.16 
belonging to the semi-coherent interface, which 
implied that this kind of particles could act as the 
effective site for heterogeneous nucleation, 
promoting the formation of equiaxed grains. It was 
believed that the Al3Er or Al3(Er,Zr) particles in BM 
were the essential sources of heterogeneous 

nucleation particles for EQZ. One reason was that 
these particles with the melting point of 1070 °C [34] 
would not completely melt at the molten pool 
boundary, which was approximately 900 °C [35]). 
Moreover, the size of these unmelted particles was 
similar to that of the particles in BM as compared in 
Figs. 7(a) and (f), further proving that the particles in 
EQZ originated from BM. Due to the existence of 
these unmelted particles, the growth of grains at the 
molten pool boundary could overcome the high G/R 
ratio to form equiaxed grains. 

The grain refinement in WM center could be 
explained by the theory of grain growth, where the 
grain size was controlled by grain boundary 
migration. It could be found from Fig. 8(a) that 
several fine particles distributed along the grain 
boundary in Al−Mg−Er−Zr weld joints, which could 
hinder the grain boundary migration during grain 
growth. There were two kinds of particles at the grain 
boundary, as shown in Fig. 8(b). Based on the SAED 
and EDS results, the coarsening particles were 
considered as Al3Zr, while the fine particles were 
inferred to be Al3Er enriched with Mg atoms. The 
resistance of grain boundary migration could be 
explained by the Zener’s formula [36]:  

Z
3=
4

fP γ
r

                                  (3) 
 
where PZ is the Zener force representing the 
resistance of particles to grain boundaries, γ is the 
migration energy, f is the volume fraction of  
particles, and r is the radius of particles. 

 

 

Fig. 7 TEM images taken from EQZ: (a) Heterogenous nucleation particle; (b) SAED pattern along [100] zone axis taken 
from (a); (c, d) TEM−EDS point scan region and results; (e) High-resolution image of particle; (f) Particles and SAED 
pattern in BM  
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Fig. 8 (a) TEM image taken from Al−Mg−Er−Zr WM center; (b) Enlarged image highlighted by white square in (a);    
(c, e) SAED and EDS results of yellow dotted region in (b), respectively; (d, f) SAED and EDS results of white dotted 
region in (b), respectively 
 

From Eq. (3), the particles with larger volume 
fractions and smaller sizes could provide greater 
resistance to grain boundaries migration. According 
to Al−Zr and Al−Er phase diagrams, the distribution 
coefficient (K) of Zr and Er in aluminum was 
opposite [30]. Specifically, KZr>1, whereas KEr<1. 
Therefore, Er aggregated with higher concentration 
ahead of the solid−liquid interface than Zr during the 
solidification process, which more easily reached the 
eutectic composition to form plenty of Al3Er. What’s 
more, the Al3Er particles with L12 superlattice 
structure had lower lattice mismatch with the 
aluminum matrix compared to Al3Zr, making the 
coarsening rate of Al3Er slower than Al3Zr. Therefore, 
the Al3Er particles, along the grain boundary in the 
form of small size and large quantities, played a 
dominant role in inhibiting grain growth. 

 
3.3 Mechanical properties of weld joints 

Figure 9 shows the microhardness distribution 
across the weld joints. The microhardness testing of 
the BMs showed that the Al−Mg−Er−Zr alloy had  
an average microhardness of HV 91, which was 
much higher than Al5083 alloy (HV 76). Under the 
welding thermal cycle, the softening phenomenon 
occurred in both weld joints, resulting in the    
heat-affected zone (HAZ). The width of HAZ in  

 

Fig. 9 Microhardness distribution of weld joints with and 
without Er 
 
Al−Mg−Er−Zr alloy was narrower than that in 
Al5083 alloy, which proved that the thermal stability 
of Al−Mg alloys was improved with the addition of 
Er. It was worth noting that the EQZ in Al−Mg− 
Er−Zr alloy had a relatively high microhardness   
of HV 89, which was contrary to the lowest 
microhardness of EQZ in welded 7xxx aluminum 
alloys [37]. Moreover, the micro-hardness of the 
WM was approximately HV 71 without Er and 
HV 83 with Er. This indicated that the existence of 
Er improved the microhardness of the WM greatly. 
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The tensile stress−strain curves of the weld 
joints are shown in Fig. 10. Both weld joints 
exhibited serrated curve during tensile process, 
which was attributed to the dynamic strain aging 
caused by the dynamic interaction of diffusing 
solutes and mobile dislocations [38]. The weld joints 
with the addition of Er exhibited the ultimate tensile 
strength (UTS) of 338.74 MPa and elongation (EI) 
of 9.68%, whereas the weld joints without the 
addition of Er exhibited the UTS of 272.44 MPa and 
EI of 8.08%. It can also be seen that both weld joints 
fractured within WM. The tensile properties of the 
weld joints represented the properties of WM in both 
cases, which proved that the addition of Er improved 
the tensile properties of WM. Moreover, the fracture 
surfaces of both weld joints were characterized by 
shallow dimples, as shown in Fig. 11, consistent with 
the tensile properties testing results. However, a few 
deformed pores were found in the WM without the 
addition of Er, which reduced the bearing area and 
decreased the tensile properties of the weld joints to 
some degree. 
 

 
Fig. 10 Stress−strain curves of weld joints with and 
without Er: (a) Al−Mg−Er−Zr alloy; (b) Al5083 alloy 

 

 
Fig. 11 Fracture surface of weld joints with and without 
Er: (a) Al−Mg−Er−Zr alloy; (b) Al5083 alloy 
 

To understand the mechanism of strength 
improvement with the addition of Er, the classic 
analytical models of material strength were used in 
this study. Conventionally, the strength of materials 
could be estimated by calculating the contribution  
of grain size strengthening (∆σgb), dislocation 
strengthening (∆σdis), solid solution strengthening 
(∆σss) and precipitation strengthening (∆σppt). With 
the addition of Er, the grain size in WM was refined 
from 86.96 to 53.79 μm, and the dislocation density 
increased from 1.2×1013 to 2.5×1013 m−2, as shown 
in Fig. 12. These refinement and density increase 
were caused by Al3Er/Al3(Er,Zr) particles, inhibiting 
the migration of grain boundary and dislocation. 
Based on calculation using the Hall−Petch and 
Bailey−Hirsch equations (Eqs. (4) and (5)) [39], the 
contribution of ∆σgb and ∆σdis increased by 4.07 MPa 
and 5.67 MPa, respectively.  
 
∆σgb=σ0+Kd 

−1/2                                          (4) 
 
where σ0 is the lattice resistance (σ0=0 for aluminum 
alloy), K is the strength coefficient (K=0.14 for 
aluminum alloy), and d is the diameter of grains.  

dis =σ αbG ρ∆                             (5) 
where α is the material constant (α=0.5 for aluminum 
alloy), b is the magnitude of Burgers vector 
(b=0.284 nm for aluminum alloy), G is the shear 
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Fig. 12 GND maps (a, d), grain diameter distribution (b, e), and GND density (c, f) of WM with (a, b, c) and without   
(d, e, f) Er 
 

 

Fig. 13 TEM image taken from WM of Al−Mg−Er−Zr alloy weld joints (a), and binary processing results (b) 
 
modulus (G=26 GPa for aluminum alloy), and ρ is 
the dislocation density. 

Additionally, the contribution of ∆σppt in Al−Mg 
weld joints without Er was usually ignored. However, 
due to the existence of Al3Er/Al3(Er,Zr) particles 
formed by the addition of Er in WM (see Fig. 13(a)), 
∆σppt could not be ignored any more. Given that these 
particles had a semi-coherent relationship with the 
matrix, dislocations could only bypass these particles. 
According to the Orowan bypassing mechanism, the 
effect of these particles on strength improvement 
could be expressed as follows [39]: 

ppt
p

2ln
0.4=
π 1

r
MGb bσ

Lν

 
 
 ∆

−
                     (6) 

where M is the Taylor factor (M = 3.06 for aluminum 

alloy [36]), ν  is the Poisson’s ratio (ν  =0.33 for 
aluminum alloy [36]), 2/3r r=  in which r is the 
mean precipitates radius, and p =2 ( π (4 ) 1)L r f −
in which f is the volume fraction of precipitates. 

By binary processing, both r and f of these 
particles were extracted from the TEM image, as 
shown in Fig. 13(b). Taking these values into the 
above equation, the contribution of ∆σppt with the 
addition of Er was calculated to be 56.13 MPa,   
which was the main reason for the strength 
improvement. 

 
4 Conclusions 
 

(1) With the addition of Er, a large number of 
Er-enriched precipitates were proved to be effective 
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hydrogen trapping sites, and ErH clusters generated 
by ErH2 ionization formed in the weld. Due to the 
effect of Er on reducing hydrogen content, the 
maximum size of the pores decreased from 380 to 
260 μm and the porosity of the weld joints decreased 
from 0.78% to 0.38%. 

(2) The addition of Er refined the grains near the 
fusion boundary and WM center significantly. The 
EQZ near the fusion boundary formed with grain 
size around 8.87 μm since the Al3Er or Al3(Er,Zr) 
particles in BM acted as heterogeneous nucleation 
sites. In the weld center, quantity of Al3Er with nano 
size along the grain boundary hindered the grain 
growth, reducing the grain size from 86.96 to 
53.79 μm. 

(3) The microhardness and tensile properties of 
the weld joints improved with the addition of Er. The 
UTS of the weld joints increased from 272.44 to 
338.74 MPa, in that the contribution of precipitate 
strengthening induced by Al3Er accounting for an 
increase of 56.13 MPa. 
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Er 对 Al−Mg−Er−Zr合金双丝串列 GMAW 接头 
气孔及显微组织的影响 
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摘  要：采用高效的双丝串列 GMAW 方法焊接一种新型 Al−Mg−Er−Zr 合金，并通过与 5083 铝合金焊接接头   

对比，研究 Er 对焊缝气孔率、接头显微组织和性能的影响。结果表明，Er 元素不仅能够降低熔池内游离氢的含

量，使焊缝中的气孔率由 0.78%下降到 0.38%，还能够显著细化接头熔合区边界附近与焊缝金属的晶粒尺寸。熔

合区边界附近的晶粒细化是由于母材中 Al3(Er,Zr)粒子诱导发生了异质形核；焊缝晶粒尺寸的细化是由于焊缝中

Al3Er 粒子发挥了钉扎晶界迁移的作用。添加 Er 后接头的极限抗拉强度由 272.44 MPa 提高到了 338.74 MPa，Al3Er

的析出强化作用使接头强度提高了 20%。 

关键词：Al−Mg−Er−Zr 合金；双丝串列 GMAW；气孔；显微组织；力学性能 
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