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Abstract: The microstructure and mechanical properties of multi-layer multi-pass TIG welded joints of Al−Zn−Mg alloy plates were 
studied. The phase constituent and microstructure of different regions of the welded joints were characterized by scanning electron 
microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM) and energy disperse spectrum (EDS), while 
the mechanical properties were evaluated according to the impact test. A dispersively distributed spherical and needle-like η(MgZn2) 
phase was obtained in the welding seam. The phase composition of the heat-affected zone (HAZ) was α(Al)+η(MgZn2)+Al6Mn, and 
there were a large number of dispersively precipitated nanoscale particles. The welded joint zone had the highest impact toughness as 
compared with the other parts of the joint. The MgZn2 phase in the weld zone contributed to the improved toughness of the joint. 
Al2MgCu phase in HAZ was proven to act as a crack source during fracture. 
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1 Introduction 
 

Aluminum alloys were widely used in aircraft 
structures, light equipment, high-speed train structures 
and military facilities because of high conductivity, good 
processability, excellent corrosion resistance and 
toughness [1−4]. They had played a key role in the car 
body materials for urban railway vehicles and armor 
structures [5−9]. As a medium strength alloy among the 
Al−Zn−Mg systems, AA7A52 was suitable for high- 
strength weldable equipments and contained about 4.6% 
Zn and 2.5% Mg [10]. Al−Zn−Mg aluminum alloy 
exhibited the highest strength at room temperature as 
aluminum alloy structural material [11]. After age 
strengthening by heat treatment, the mechanical 
properties such as hardness and tensile strength of 
AA7A52 were evidently improved. The alloy had the 
advantageous characteristics of wide quenching range, 
easy casting and good formability. After rolling, solution 

treatment and aging treatment, alloy plates with excellent 
comprehensive properties could be obtained [12]. 

The requirement for lightweight equipment made 
thick plate aluminum alloy of different specifications the 
optimum choice for structural materials. Narrow gap 
welding was an effective way to improve the welding 
efficiency of thick plates and shortened the welding time. 
There were many welded structural parts in engineering 
machinery products, whose quality directly determined 
the quality, performance and reliability of the whole 
machine [13−17]. Different welded structural parts were 
required to maintain a certain static load strength, impact 
strength and fatigue strength. Welding process 
parameters, welding methods and welding wires were the 
main factors affecting the quality of welded joints. The 
welding methods of Al−Zn−Mg alloys had been widely 
reported including metal inert gas shielded welding 
(MIG) [18,19], tungsten inert gas welding (TIG) [20,21], 
laser beam welding (LBW) [22,23] and friction stir 
welding (FSW) [24,25], etc. 
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The mechanical properties of thick plate aluminum 
alloy joints were closely related to the microstructure and 
stress distribution of the joints. In the multi-layer and 
multi-pass welding process, the evolution of 
microstructure and stress distribution of the thick-plate 
welded joint was complicated. In this work, the 
microstructure and impact mechanical properties of 
multi-layer and multi-pass TIG welded joints of 
thick-plate AA7A52 were studied systematically, after 
which the fracture mechanism was revealed. 
 
2 Experimental 
 

The AA7A52 plate with thickness of 20−40 mm and 
ER5356 with diameter of 1.6 mm were selected as 
welding base metal and welding wire, respectively, of 
which the chemical compositions are shown in Table 1. 
The oxide film and oil stain on the surface of the welded 
plate were removed by mechanical grinding and acetone 
cleaning, then the plate was dried in a drying oven at 
40 °C for 10 min. The variable polarity TIG welding 
method was used to remove the oxide film in the arc 
region by cathode atomization, and the positive to 
negative half-wave time ratio was 1:1. The cooling 
process between the welding passes was to ensure that 
the interlayer temperature was lower than 80−100 °C, 
and interlayer cleaning was performed after cooling 

down. In order to prevent the generation of hydrogen 
holes in the weld, argon with purity of 99.99% was 
continuously provided during the welding process. 
During the rooting welding process, a welding pad was 
used to provide an argon protection environment for the 
back of the weld seam. The plates were assembled and 
horizontally fixed according to the dimensions of the 
groove as shown in Fig. 1(a). There were 21 weld beads 
in total, of which the welding process was divided into 
three parts. The processing parameters and welding 
schematic diagram are shown in Table 2 and Fig.1(b), 
respectively. 

Specimens of the welded joints were obtained by 
line cutting machine and ground by the waterproof 
abrasive paper from the size of 400# to 1200#. Specimens 
for microstructural studies were polished and etched for 
120 s in a solution containing 1 mL HF, 1.5 mL HCl,  
2.5 mL HNO3, and 95 mL deionized H2O. The phases 
presented in the weld seam were identified with X-ray 
diffractometer (XRD; D/max 2500, Rigaku Corporation, 
Tokyo, Japan) using Cu Kα radiation. For selected area 
diffraction analysis by transmission electron microscopic 
(TEM-SAD) thin foil specimens were successively 
prepared by mechanical thinning and electrolytic 
thinning and observed using a JEOL−2100 transmission 
electron microscope (JEOL Ltd., Tokyo, Japan) at      
an operating voltage of 200 kV. Microstructural and  

 

 
Fig. 1 Schematic of bevel used in TIG welding (a) and welding process (b) 

 

Table 1 Chemical composition of AA7A52 and ER5356 (wt.%) 

Alloy Zn Mg Cu Mn Cr Ti Zr Fe Si Al 

AA7A52 4.0−4.8 2.0−2.8 0.05−0.20 0.20−0.50 0.15−0.25 0.05−0.18 0.05−0.15 ≤0.30 ≤0.25 Bal. 

ER5356 0.10 4.5−5.5 0.1 0.05−0.20 0.05−0.20 0.06−0.20 − − − Bal. 

 

Table 2 TIG welding parameters 

Weld bead No. in Fig. 1(b) Welding method Current/ A Welding speed/(mꞏmin−1) Wire feed speed/ (mꞏmin−1)

1 Rooting weld 260 0.15 0.8 

2 Filling weld 340 0.2 1.5 

3−17 Filling weld 340−360 0.2 1.5−1.8 

18−21 Capping weld 230 0.14 0.6 
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composition analysis of weld metal was performed using 
NANOSEM 450 scanning electron microscope (SEM, 
FEI Company, Hamilton, Ohio) and Oxford INCA X-ray 
energy dispersive spectrometer (EDS; Oxford 
Instruments, Abingdon, United Kingdom), respectively. 
The Charpy impact test was performed to determine the 
impact mechanical properties of materials and the impact 
fracture resistance of materials in different characteristic 
regions. The impact test equipment was a pendulum 
impact tester with a full load of 1470 Nꞏcm (15 J) and 
4900 Nꞏcm (50 J) and the size of the samples is shown in 
Fig. 2. The sampling position of the welded joint for 
XRD experiments is shown in Fig. 3. In order to 
compare the impact toughness of the weld, fusion zone 
and heat affected zone at different thickness positions, 
the sampling position of the impact specimen is shown in 
Fig. 4. The V-notch position of the impact specimen was 
numerically marked. The notches of Samples 1, 4, and 7 
were located on the weld symmetry line, while the 
notches of Samples 2, 5, and 8 were located on the fusion 
line with those of Samples 3, 6, and 9 located      
8 mm away from the fusion line. Finally, the notches of  
 

 

Fig. 2 Schematic of position of XRD samples in weld joint 

 

 

Fig. 3 Schematic of Charpy impact test and digital impact test 

 

 
Fig. 4 Schematic of location of impact samples for different 

characteristic zones 

Samples 10, 11, and 12 were taken from the base metal. 
Three sets of samples along the thickness direction were 
5, 10 and 15 mm from the back of the joint, respectively. 
 

3 Results and discussion 
 
3.1 Microstructure of TIG welded joints 

The microstructure of the weld seam should be 
divided into three characteristic regions including the 
zone of fine equiaxed grains (Z1), the zone of columnar 
grains near the fusion line (Z2), and the zone of equiaxed 
grains at the end of the columnar grains (Z3) as shown in 
Fig. 5. Figure 6 exhibits the microstructures of the 
central area in the first to the third, the eleventh and the 
nineteenth weld passes. The distribution of equiaxed 
grain is uniform and there is no preferential growth 
direction during crystallization. 
 

 
Fig. 5 Microstructure of weld seam 

 

As shown in Fig. 7, the phase compositions of the 
weld seam and the HAZ are α(Al) solid solution and 
α(Al)+η(MgZn2), respectively. As compared with the 
diffraction characteristic peaks of pure aluminum, the 
solid solution effect made the position of the diffraction 
peaks of the weld shift to the left as a whole. The results 
showed that the lattice distortion and increase of lattice 
constant were attributed to the solid solution effect. The 
solute atom deformed the local lattice by changing the 
lattice constant and led to the effect of solid solution 
strengthening. The more the amount of solute atom 
dissolved in the host lattice, the higher the degree of 
lattice distortion and the stronger the solid solution 
strengthening effect. The large cooling rate in the weld 
made it impossible for the solution atom to precipitate, 
so the solid solution strengthening effect in the weld 
zone was the strongest. 

The micro morphologies of the strip-shaped 
particles and the intragranular ellipsoidal particles of 
weld seam are shown in Fig. 8. The strip-shaped particles 
were Al3Mg2 phase as shown in Fig. 8(a), whereas 
intragranular ellipsoidal particles were MgZn2 phase as 
shown in Fig. 8(b). However, intergranular Al3Mg2 phase 
was absent in the XRD test result because of its low 
composition. There were a large number of diffusely 
distributed nano-sized precipitated particles which were 
spherical or ellipsoidal in the intragranular. As shown by 
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Fig. 6 Microstructures of different weld passes: (a) Macro morphology; (b) The first weld pass; (c) The second weld pass; (d) The 

third weld pass; (e) The eleventh weld pass; (f) The nineteenth weld pass 

 

 

Fig.7 XRD patterns of HAZ (a) and weld seam (b) 
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the EDS result in Fig. 9(a), the main components of 
intergranular precipitates included Al, Zn, Mg and Cu. 
Compared with the average content of Al−Zn−Mg alloy, 
the intergranular precipitates were a Cu-rich zone. As 
shown in Fig. 9(b), the Cu-rich phase in this region was 
the Al2MgCu phase. 

The TEM-SAED results of Sample 9 in Fig. 4 are 
shown in Fig. 10. It was shown that there was an Al6Mn 
phase in the HAZ. The distribution density of the Al6Mn 
phase was low due to the low content of Mn. The 
morphology and EDS test results of this phase under 
TEM are shown in Fig. 10. When the η(MgZn2) and the 
Al6Mn phase sufficiently grew and coarsened, a solution- 
depleted region appeared by the edge of this phase. 

3.2 Impact mechanical properties of welded joints 
Impact toughness could be expressed as the ratio of 

impact absorbing energy to fracture area. The results of 
the impact energy test obtained with TIG welded joints 
are shown in Fig. 11 while the sampling position is 
shown in Fig. 4. From the impact test results of the weld 
seam zone, the fusion zone and the HAZ, the impact 
toughness of the joint showed significant local 
differences. At different thickness positions, the impact 
toughness of the fusion zone and the impact toughness of 
the HAZ did not differ significantly. It could be seen that 
the impact toughness of the weld zone was the highest, 
while the impact toughness of the HAZ and the fusion 
zone was equivalent. The fluctuation in impact toughness 

 

 
Fig. 8 Micro morphologies of Sample 4 in Fig. 4: (a) Strip-shaped particle; (b) Intragranular ellipsoidal particle 

 

 

Fig. 9 TEM-SAED results in HAZ of Sample 6 in Fig. 4: (a) Intergranular morphology; (b) Diffraction pattern of [011] zone of 

Al2MgCu phase in region G in (a) 

 

 
Fig. 10 TEM-SAED results of Sample 9 in Fig. 4: (a) Micro morphology and EDS result of Al6Mn phase under TEM; (b) Diffraction 

pattern of [011] zone of Al6Mn 
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of welds, fusion lines and HAZ at different thicknesses 
was within 5%. 

During the impact fracture process, the sample was 
plastically deformed and cracks were generated at the 
root of the notch. The steady expansion stage of cracks 
formed during a fibre zone (F), a collapsing zone (S) and 
a shear lip (R). The macro and micro fractographs of the 
Samples 4−6 are shown in Figs. 12−14, respectively. The 
crack initiation zone and the fibre zone of Sample 4 were 
composed of abundant dimples of which the size 

changed from large to small. The collapsing zone of 
Samples 5 and 6 consisted of abundant parallel tearing 
ridge. The crack initiation zone of Sample 6 consisted of 
tear-shaped surface with a size range of less than 400 μm. 
It could be seen that the fracture zone of Sample 4 had 
only a few parallel tear edges with almost no collapsing 
zone. The micro morphology of the shear lip of Samples 
4−6 exhibited a tear-shaped surface. The fibre zone 
corresponded to a higher toughness, while the collapsing 
zone corresponded to a comparatively lower impact  

 

 

Fig. 11 Charpy impact test results: (a) Absorbing energy; (b) Impact toughness 
 

 

Fig. 12 Macro and micro fractographs of Sample 4: (a) Macro fractograph; (b) Crack initiation zone and fibre zone; (c) Collapsing 

zone; (d) Shear lips 
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Fig. 13 Macro and micro fractographs of Sample 5: (a) Macro fractograph; (b) Crack initiation zone and fibre zone; (c) Collapsing 

zone; (d) Shear lips 

 

 

Fig. 14 Macro and micro fractographs of Sample 6: (a) Macro fractograph; (b) Crack initiation zone and fibre zone; (c) Collapsing 

zone; (d) Shear lips  
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absorbing energy. The crack propagation energy of 
Sample 4 accounted for the largest proportion of the 
whole absorbed energy during impact process. As a 
result, the impact toughness was significantly higher than 
that of Samples 5 and 6. The area of the fibre zone in 
Sample 4 was the largest with the area of the collapsing 
zone of Samples 5 and 6 larger than that of Sample 4, 
which was consistent with the Charpy impact test results. 

The load−displacement curve of impact fracture 
process is shown in Fig. 15(a). The yield load (Fy) and 
the unsteady expansion force of cracks (Fi) were the 
demarcation point of these three stages. The total impact 
energy (Wt) included crack formation energy (Wi) and 
crack propagation energy (We). The crack Wi was 
considered to be the area covered by the force− 
displacement curve between S=0 and S=Sm while the We 
was considered to be the area covered by the 
force−displacement curve between S=Sm and S=St. The 
typical load/absorbed energy−displacement curves of 
impact specimens in different characteristic areas of 
welded joints are shown in Figs. 15(b, c, d). The middle 
part of the sample underwent elastic deformation, 
yielding, plastic deformation and hardening stages in 
sequence. Crack initiation occurred when the load 
increased to the maximum. The impact absorption energy 
at this time was the Wi which included the elastic 
deformation energy and plastic deformation energy. As 

the crack was initiated, the load began to decrease, and 
the crack expands steadily. When a certain position was 
reached, the crack was unstable and the load was sharply 
decreased, resulting in fracture occurred finally. The 
yield displacement of welding zone was the largest, 
while that of fusion zone and HAZ was equivalent. The 
yield strength of welding zone and fusion zone was close 
to each other while the initiation force of unstable crack 
propagation in weld seam was equivalent to the HAZ. 
The impact absorbing energy of the fusion zone and the 
HAZ 8 mm away from the fusion line was equal and 
lower than that at the centre of the weld. The crack 
formation energy of the weld was up to about 3 J while 
that of the fusion zone and HAZ was less than 2 J. The 
crack propagation energy values of the weld, HAZ and 
fusion line were at the same level. Although the 
maximum force at the centre of the weld was the lowest, 
the displacement and impact absorption energy during 
the formation and propagation of cracks were the largest. 
Therefore, the elongation and toughness of the centre of 
the weld were the highest during the impact process. 

Figure 16 shows the EDS result on the fracture 
surface of the welded joint. It could be seen that the 
fracture surface was a Cu-rich region. According to the 
results of the phase composition of the HAZ, before 
fracture, Cu was enriched in the intergranular phase  
and formed a continuous intergranular Al2MgCu phase. 

 

 

Fig. 15 Schematic of load−displacement (F−S) curve (a), load/absorbed energy−displacement curves of samples from position 4 (b), 

position 5 (c), and position 6 (d) in Fig. 4, respectively 
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Fig. 16 EDS result on fracture surface of welded joint 
 
During the tensile fracture process, the Al2MgCu phase 
acted as a crack source and provided a channel for crack 
propagation. This intergranular crack was essentially a 
brittle fracture. Because of the low Cu content, this 
brittle fracture feature occupied a small area on the 
whole fracture surface. During the welding process, the 
dilution effect by base metal determined the 
microstructure and properties of the weld. The dilution 
effect dissolved Zn in the base metal into the weld and 
led to the formation of MgZn2 strengthening phase. This 
combination could interrupt the continuous distribution 
of the Al2Mg3 phase and transforming the intergranular 
morphology into discontinuous intergranular precipitates, 
which enhanced the precipitation phase strengthening in 
the weld. The change of phase distribution in the weld 
increased the grain boundary strengthening effect, so the 
mechanical properties of the weld were improved. 
 

4 Conclusions 
 

(1) During the welding process, the redistribution of 
alloy elements near the fusion line of the thick 
Al−Zn−Mg alloys plate resulted in the dispersion of the 
η(MgZn2) phase in the weld seam. The phase 
composition of the HAZ was α(Al)+η(MgZn2)+Al6Mn. 
The ellipsoidal or needle-like η phase was the most 
densely distributed nano-sized precipitated particles. The 
intergranular precipitates were in the form of short rods 
or continuous strips, and the Al2MgCu phase was 
distributed in the strip intergranular precipitates. 

(2) The weld zone of the thick Al−Zn−Mg alloy 
TIG welded joint possessed the highest impact toughness 
during crack formation and propagation. The fluctuation 
in impact toughness of the fusion zone and the HAZ was 
less than 5%. Compared with weld zone, HAZ and 
fusion zone had smaller area of fibre zone. 

(3) The MgZn2 phase in the weld zone of AA7A52 
contributed to the improvement of welded joint 
toughness. The Al2MgCu phase in HAZ acted as source 
of cracks during tensile fracture to provide a channel for 

crack propagation. Due to the low content of Cu on the 
fracture surface of the welded joint, the brittle fracture 
characteristics occupied a small area on the entire 
fracture surface. 
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摘  要：研究 Al−Zn−Mg 合金厚板多层多道 TIG 焊接接头的显微组织和冲击力学性能。通过扫描电子显微镜

(SEM)、X 射线衍射(XRD)、透射电子显微镜(TEM)和能量色散谱(EDS)对焊接接头不同区域的相组成和显微组织

进行表征，同时对其进行冲击力学性能测试。结果表明：焊缝中产生弥散分布的球状和针状 η(MgZn2)相。焊接热

影响区的物相组成为 α(Al)+η(MgZn2)+Al6Mn，并存在大量弥散分布的纳米级沉淀颗粒。焊接接头焊缝区冲击韧度

最高，焊接接头焊缝区中的 MgZn2相有利于接头韧性的提高。焊接热影响区中 Al2MgCu 相在断裂过程中起到裂

纹源的作用。 
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