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Abstract: In this study, 7A52 aluminum alloy sheets of 4 mm in thickness were welded by tungsten inert gas welding using microalloying 
welding wires containing traces of Zr and Er. The influence of rare earth elements Zr and Er on the microstructure and mechanical properties 
of the welded joints was analyzed by optical microscopy, energy dispersive X-ray spectroscopy, transmission electron microscopy, hardness 
testing, and tensile mechanical properties testing. Systematic analyses indicate that the addition of trace amounts of Er and Zr leads to the 
formation of fine Al3Er, Al3Zr, and Al3(Zr,Er) phases that favor significant grain refinement in the weld zone. Besides, the tensile strength 
and hardness of the welded joints were obviously improved with the addition of Er and Zr, as evidenced by the increase in tensile strength 
and elongation by 40 MPa and 1.4%, respectively, and by the welding coefficient of 73%. 
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1. Introduction 

AlZnMg series alloys have been widely utilized in 
aerospace and automotive industries owing to their excep-
tional characteristics including high strength, good fracture 
toughness, low density, and low cycle fatigue [13]. The 
microstructure of the alloy often plays an important role in 
determining their mechanical properties. Conventional 
tungsten inert gas (TIG) welding results in microstructure 
coarsening and a decrease in the mechanical properties of 
welded joints, obviously due to high heat applied during the 
welding process [45]. Previous studies [67] have indicat-
ed that the mechanical properties of the welded joint are 
mainly determined by welding wires. 

In principle, the addition of some trace elements to the 
aluminum alloy can refine the microstructure and conse-
quently enhance the strength of the alloys. To this end, some 
studies [821] have reported the effect of Sc on the micro-
structural and mechanical properties of aluminum alloys. 
According to these studies, the addition of Sc can signifi-
cantly improve the mechanical properties due to the for-
mation of elastically hard and coherent Al3Sc particles with 

L12 crystal structure, which can strongly refine grains and 
inhibit re-crystallization. However, the commercial feasibil-
ity of this approach is greatly limited by the high cost of Sc. 
According to the study reported by Nie, Wen, Wu, et al. 
[2225], addition of a small amount of Er, which is cheaper 
than Sc, has similar effects on the microstructure and me-
chanical properties of aluminum alloys.  

Therefore, in the present study, 7A52 aluminum alloy 
sheets of 4 mm in thickness have been welded by TIG 
welding using microalloying welding wires containing trac-
es of Zr and Er. Based on systematic analyses, we have 
studied the influence of Zr and Er on the microstructure and 
mechanical properties of the welded joint. 

2. Experimental 

In this study, the 7A52 aluminum alloy sheet of 4 mm in 
thickness was subjected to a solution treatment at 470C for 
1 h [26], followed by water quenching and subsequent aging 
at 105C for 8 h and at 130C for 14 h. The aluminum 
welding wires used in this study were prepared by extrusion 
and drawing processes. The chemical compositions of the 
7A52 aluminum alloy base metal and 5183 aluminum alloy 
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welding wires are summarized in Table 1. Prior to the 
welding process, the surfaces of the base metal and welding 
wires were cleaned with organic solvent. Subsequently, TIG 
welding was performed in the direction perpendicular to the 
rolling direction of the base metal. The experimental param-
eters adopted during the welding process are summarized in 
Table 2.  

Table 1.  Chemical composition of the base metal and welding 
wires used in this study             wt% 

Sample Mg Mn Ti Cu Cr Zn Zr Er Al 

Base metal 2.1 0.30 0.08 0.08 0.16 4.2 0.14 — Bal.

Wire a 4.7 0.80 0.10 — — — — — Bal.

Wire b 4.7 0.80 0.10 — — — 0.10 0.4 Bal.

Table 2.  TIG welding parameters 

Welding 
current, I / A 

Welding volt-
age, U / V 

Welding speed, 
v / (mms1) 

Shielding 
gas 

Gas flux, Q /
(L·min1)

120180 1820 0.8 Ar 15 

 
The microstructure of welded joints was observed by op-

tical microscopy (OM, DMI5000M) and transmission elec-
tron microscopy (TEM). Specimens for optical observation 
were taken along the rolling direction and etched using the 
Keller’s reagent. Similarly, specimens for TEM observation 
were cut from the weld zone of the welded joints, mechani-
cally machined, ground, and prepared as 3 mm discs of 80 
μm in thickness. The obtained discs were punched and 
electropolished by the double-jet technique in an electro-po-
lishing solution containing the mixture of 30vol% HNO3 and 
70vol% CH3OH at −25C and 15 V. The tensile strength of 
the welded joints (4 mm × 25 mm × 100 mm) was evaluated 
using an SANS CMT-5105 universal test machine at the 
tensile velocity of 2 mm/min at room temperature. The sur-
face of the welded joint was milled prior to tensile testing. 
The value reported in this study is the average value of three 
tensile tests. The typical fractured surfaces of welded joints 
were observed by scanning electron microscopy (SEM). The 
Vickers hardness of specimens was measured on the trans-
verse cross-section of the welded joints, along the half 
thickness line, using the 452-SVD vickers hardness tester at 
the load of 49 N. 

3. Results 

3.1. Mechanical properties 

Fig. 1 shows the hardness distribution on the cross-sec-
tion of welded joints. As is seen, the hardness distribution 
trend is almost the same for both the welded joints, with 

symmetrical distribution on either side of the center of the 
welded joints as the axis. In the entire welded joint, the weld 
zone and the heat-affected zone are found to be the weakest 
areas, with the lowest hardness of the welded joints appear-
ing at the center of the weld zone. The hardness values of 
welding wires a and b are Hv 78 and Hv 88, respectively. As 
the trend traverses outwards from the center to the base 
metal, there appears a hardness peak in the fusion zone, 
about 4 mm away from the center. With the drop of hard-
ness in the heat-affected zone, it significantly increases to 
Hv 135 in the base metal, about 8 mm away from the center. 
Comparing the hardness distribution curves shown in Fig. 1, 
it can be observed that the hardness of the welding joint with 
the microalloying aluminum welding wire is higher than that 
with the traditional 5183 aluminum welding wire, especially 
at the welding zone. 

 
Fig. 1.  Vickers hardness distribution of welded joints. 

Table 3 presents the tensile properties of the base metal 
and welded joints obtained with two kinds of welding wires 
(microalloying aluminum welding wire and traditional 5183 
aluminum welding wire). It can be seen that the tensile 
strength, yield strength, and elongation of the base metal are 
superior to those of welded joints. Compared to the welded 
joint filled with the traditional 5183 aluminum welding wire, 
the tensile strength and yield strength of the welded joint 
with the microalloying welding wire increased by 40 and 10 
MPa, respectively. Besides, the elongation was about 1.4% 
higher. More importantly, the welding coefficient was im-
proved from 64.2% to 73.0% by the use of the 
microalloying welding wire. 

The tensile testing results suggest that all the fractures 
occur at the weld zone, consistent with the hardness testing 
results. SEM images of the typical fractured surfaces of 
welded joints are shown in Fig. 2. As is seen, the fractured 
surfaces of both the welded joints predominantly consist of 
dimples. Nevertheless, we could observe some obvious dis-
parities between them. In the case of the welded joint with 
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the microalloying welding wire, the fractured surface 
showed uniform distribution of smaller dimples containing 
several secondary phases. 

3.2. Microstructure 

In general, welded joints consist of the weld zone (WZ), 
fusion zone (FZ), and heat-affected zone (HAZ). Fig. 3 

shows the microstructure of welded joints with the tradi-
tional 5183 welding wire and microalloying welding wire. 
As evidenced from the figure, both the weld zones exhibit 
an equiaxial crystal structure, while grain size in Figs. 3(c) 
and 3(d) is much finer than that in Figs. 3(a) and 3(b). In ad-
dition, the fusion zones of both the welded joints are not 
characterized by any visible columnar crystals. On the other 

Table 3.  Mechanical properties of the base metal and welding joints 

Sample Tensile strength / MPa Yield strength / MPa Elongation / % Welding coefficient Cracked position 

Base metal 452.2 374.1 12.5 — — 

Welding joint a 290.3 200.3 8.0 64.2 % Weld zone 

Welding joint b 330.2 210.3 9.4 73.0 % Weld zone 

 
Fig. 2.  SEM images showing the typical fractured surfaces of welded joints: (a) with the traditional 5183 wire; (b) with the 
microalloying 5183 wire. 

 
Fig. 3.  Optical images of welded joints with two kinds of welding wires: (a, b) with the traditional 5183 wire; (c, d) with the 
microalloying 5183 wire. 
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hand, the wide range of the heat-affected zone in both the 
welded joints is mainly composed of fibrous tissues. How-
ever, the grains in the welded joint obtained using the tradi-
tional welding wire were relatively coarser than those ob-
tained with the microalloying welding wire. 

3.3. TEM observation 

Fig. 4 shows the TEM images of the welded joint ob-

tained with the microalloying welding wire. The images in-
dicate the formation of a large amount of nanoparticles, 
which are considered as Al3Er and Al3 (Zr,Er), around grain 
boundaries. During the welding process, Zr and Er in the 
welding wire dissolved into the welding zone and formed a 
supersaturated solid solution, upon cooling at a rapid cool-
ing rate. With subsequent natural aging, Zr and Er appeared 
in the welded joint as nano-sized particles. 

 
Fig. 4.  TEM images of the welded joint with the microalloying welding wire containing Zr and Er: (a, c) typical Al3(Zr,Er) and 
Al3Er particles; (b) energy dispersive X-ray spectrum; (d) selected area diffraction pattern. 

4. Discussion 

4.1. Grain refinement 

As can be seen from Fig. 2, grains in the weld zone of the 
welded joint with the microalloying welding wire are much 
finer and more uniform than those obtained with the tradi-
tional 5183 welding wire. This could be attributed to Zr and 
Er contents in the welding wire. In this case, during the so-
lidification of the weld zone, Zr and Er in the welding wire 
enriched at the front of the advancing solid-liquid interface. 
This resulted in the formation of primary Al3Zr, Al3Er, and 
Al3(Zr,Er) phases in the melt, when the content approached 
the eutectic point. Subsequently, they were pushed to the 
grain boundary. These phases with L12 crystal structure 
could lead to obvious grain refinement due to low lattice 
parameter mismatches between the phases and the Al matrix. 

Besides, these nano-scale phases acted as heterogeneous nu-
clei, thereby increasing the nucleation rate and facilitating 
grain refinement in the weld zone. Moreover, these primary 
particles are considered to prevent grain growth, which is 
also beneficial for grain refinement.  

4.2. Improvement of mechanical properties 

As can be seen from Table 3 and Fig. 1, the use of the 
microalloying welding wire containing Zr and Er improves 
the mechanical properties of the welded joint. As mentioned 
earlier, the microstructure of the welded joint, as determined 
by the chemical composition of the welding wires filled in 
the welded joints, leads to the intensification of mechanical 
properties. The grain refinement in the weld zone and inhi-
bition of re-crystallization in the heat-affected zone ob-
served in the welding process using the microalloying 
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welding wire result in improved mechanical properties.  
According to the Hall-Petch relationship between grain 

size and strength, the decrease in grain size results in the 
improvement of tensile strength. Therefore, it is expected 
that the use of the welding wire containing Zr and Er will 
contribute to improving the strength of the welding joint. 

The corresponding TEM image of the welded joint indi-
cated the formation of nano-sized particles near dislocations 
within the grain. These particles are considered as secondary 
precipitations with L12-type ordered face-centered cubic 
structure. Rapid cooling in the welding process favored the 
formation of supersaturated solid solution containing Zr and 
Er in the Al matrix. Subsequently, during the natural aging 
process, the fine and dispersed secondary particles precipi-
tated from the supersaturated solid solution and distributed 
near grain boundaries and dislocations. These secondary 
particles play an important role in increasing the strength of 
the welded joints. The movement of dislocations and grain 
boundaries will be restrained by the particles, thereby de-
manding more energy for the dislocations and grain bounda-
ries to pass the particles. These results indicate that the use 
of the microalloying welding wire containing Er and Zr will 
significantly improve the mechanical properties of welded 
joints. 

5. Conclusions 

(1) All the fractures occur at the weld zone, indicating 
that the weld zone is the weakest area of the whole welding 
joint. Grain refinement in this area can be realized using the 
microalloying welding wire containing Zr and Er. 

(2) The addition of Er and Zr can improve the mechanical 
properties of the welded joint due to the effects of fine-grain 
strengthening and dispersion strengthening. Compared with 
the use of the traditional 5183 aluminum alloy welding wire, 
the tensile strength and elongation were increased by 40 
MPa and 1.4%, respectively, and the welding coefficient of 
73% was achieved using the microalloying welding wire. 
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