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Abstract: The MIG welding of in-situ generated nano-Al2O3 powder metallurgy 7A52 (PM 7A52) aluminum alloy was 
investigated. The microstructure was characterized using EBSD and TEM, while macrotexture and internal residual 
stresses were analyzed with a self-developed SWXRD technique. The results revealed that PM 7A52 aluminum alloy 
effectively reduced the grain size, dislocation density, and texture strength in the post-weld microstructure. Furthermore, 
the residual stress in the weld zone (WZ) of PM 7A52 aluminum alloy was reduced by 38 MPa compared to that of the 
conventional melt-cast 7A52 (CM 7A52) aluminum alloy. Notably, the tensile strength and elongation of welded joints 
in PM 7A52 aluminum alloy were increased by approximately 15% and 26%, respectively. The improvement in joint 
tensile strength was primarily attributed to grain boundary strengthening and dispersion strengthening caused by 
γ-Al2O3 particles entering the WZ. 
Key words: powder metallurgy 7A52 aluminum alloy; MIG welding; SWXRD technique; texture; residual stress; 
mechanical properties 
                                                                                                             

 
 
1 Introduction 
 

The 7xxx series aluminum alloys are 
extensively used in aerospace, transportation and 
military armor due to their high specific strength, 
favorable corrosion resistance and fracture 
toughness [1−3]. In particular, 7A52 aluminum 
alloy is widely used in lightly armored vehicle 
bodies for its high strength, toughness and 
corrosion resistance [4,5]. MIG welding, known for 

its low cost, high efficiency, and established 
technology, has found widespread application 
across various industries [6−8]. However, 
conventional melt-cast 7A52 aluminum alloys are 
prone to grain growth in the weld and heat-affected 
zone due to the effect of welding heat input, which 
results in reduced joint strength. Additionally, the 
large temperature gradients in the weld pool, 
combined with thermal cycling and microstructural 
non-uniformity, lead to high residual stresses and 
uneven distribution within the welded joints, which 
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may cause the deformation or cracking of the 
welded components [9,10]. 

Several methods are available to enhance the 
strength of aluminum alloy base materials and 
welded joints. For base materials, these methods 
primarily involve optimizing the ratio of alloying 
elements [11−13], employing intense plastic 
deformation techniques such as hydrostatic 
extrusion [14], and modulating heat treatment 
processes to control precipitation behavior [15,16]. 
To improve the strength of welded joints, 
researchers have focused on strategies such as 
adding trace elements [17−19], using alternative 
filler materials [20,21], optimizing welding 
parameters [22,23], employing different welding 
methods [24], and incorporating auxiliary 
techniques like ultrasound and magnetic fields 
[25,26]. In recent years, introducing ceramic 
particles, such as TiB2, SiC, TiC, and B4C, has 
shown promise in improving the mechanical 
properties of welded joints [27,28]. However, 
achieving a uniform distribution of externally added 
ceramic particles remains challenging. Larger 
particle sizes often result in insufficient weld 
strengthening [29], while excessive additions may 
cause particle aggregation and weaken bonding 
with the matrix [30]. Thus, not all secondary  
phase particles are beneficial to enhancing joint 
performance [31]. Powder metallurgy aluminum 
alloys, as a new class of lightweight structural 
materials, have gained widespread application in 
aerospace, military, and automotive fields [32,33]. 
These materials can suppress grain boundary 
migration caused by welding heat input and limit 
grain growth in the heat-affected zone [34,35]. The 
in-situ generation of Al2O3 ceramic particles offers 
dispersion strengthening, which can induce lattice 
distortion and texture evolution, potentially 
influencing the distribution and formation of 
residual stresses in the weld region. 

Several studies have investigated residual 
stresses in welded joints. For example, SABRY   
et al [36] used neutron diffraction to examine the 
stresses in stir friction welds of 6061 and A365 
dissimilar aluminum alloys, revealing that welding 
sequences in multi-pass processes can influence the 
residual stresses. In another study, synchrotron 
radiation techniques were employed to test the 
residual stresses in the MIG butt weld micro- 
structure of 8 mm-thick 5083 aluminum plates, 

where transverse tensile residual stresses of up   
to 55 MPa were detected in the weld zone after 
fatigue cycling [37]. Non-destructive methods for 
measuring internal residual stresses include 
high-energy X-ray diffraction, neutron diffraction, 
and ultrasonic techniques [38,39]. However, 
ultrasonic methods face limitations in performing 
spot tests for residual stresses in different areas of 
welded joints. Additionally, neutron diffraction and 
high-energy synchrotron radiation require large, 
specialized equipment and limited machine time, 
restricting their use for long-term weld stress 
studies. Consequently, accurate measurement and 
control of residual stresses within welded joints is 
crucial. To address this, we have independently 
developed short-wavelength X-ray diffraction 
(SWXRD) technology. This technique enables 
non-destructive, full-area, fixed-point, and high- 
precision residual stress measurement by adjusting 
the diffraction volume position within the weld 
seam [40,41]. 

MIG welding of 7xxx aluminum alloys is 
widely applied; however, challenges such as 
suboptimal microstructure, relatively low strength 
in welded joints, and high residual stress remain 
prevalent. This study introduces an innovative 
approach to enhance the microstructure and 
mechanical properties of powder metallurgy (PM) 
7A52 aluminum alloy by in-situ generation of 
Al2O3 nanoparticles. Additionally, the residual 
stress within the welded joints was characterized 
using the self-developed SWXRD technique.   
The primary goal of this research was to achieve 
high-performance, low-anisotropy welded micro- 
structures in powder metallurgy aluminum alloys. 
These improvements are significant for advancing 
the application of 7A52 aluminum alloy MIG 
welding in aerospace, transportation, and military 
armor. 
 
2 Experimental 
 
2.1 Materials and welding method 

The production process for in-situ generated 
nano-Al2O3 dispersion strengthening PM 7A52 
aluminum alloy was as follows. Commercial 
aluminum, Al−50Zn alloy, magnesium, and copper 
powders were used as raw materials. The raw 
materials were then mixed and ball-milled using a 
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V-mixer and a drum ball mill, respectively. Next, 
the mixture was compacted in a cold isostatic press 
at 180 MPa for 3 min. Following compaction, the 
blanks were vacuum sintered at 580 °C for 2 h to 
obtain aluminum alloy ingots. Hot extrusion was 
subsequently performed at 420 °C with an extrusion 
speed of 0.3 mm/s and an extrusion ratio of 4꞉1. The 
width and thickness of the extruded plate were 
150 mm and 13.5 mm, respectively. Finally, T6 heat 
treatment was conducted, consisting of solution 
treatment at 470 °C for 2 h followed by artificial 
aging at 120 °C for 24 h. A schematic diagram of 
the PM 7A52 aluminum alloy plate preparation 
process is shown in Fig. 1. For comparative 
analysis, the extrusion ratio and heat treatment 
process of CM 7A52 aluminum alloy were kept  
the same as those for PM 7A52. The elemental 
composition of 7A52 aluminum alloy is provided in 
Table 1. 

The metal inert gas (MIG) welding process 
was employed to join two plates along the 
transverse direction, with the welding schematic 
shown in Fig. 2(a). The welding wire used was ER 
5356, with a diameter of 1.2 mm, and its elemental 
composition is provided in Table 1. The welding 
operation was carried out using a KEMPPI 
KempArc Pulse 450 system, and the dimensions  
of the welded samples were 150 mm × 90 mm × 
13.5 mm. The welding parameters are detailed in 

Table 2. Double-sided welding was performed, with 
five layers welded on the front side. The first two 
layers were welded in one pass, while the last three 
layers required three passes. The back side was 
welded with a single layer and one pass. The 
welding parameters remained consistent for each 
pass, and the welded samples were left for 1 d 
before proceeding with subsequent experiments. 

 
2.2 Morphology and microstructure characterization 

The metallurgical microstructure of the base 
metal (BM), heat-affected zone (HAZ) and weld 
zone (WZ) was observed using an optical 
microscope (ZEISS, Axioskop.A1, German). A 
scanning electron microscope (ZEISS, Sigma 500, 
German) equipped with the energy dispersive 
spectroscopy (EDS) detector was used to 
characterize the phases and elemental distribution 
of the weld microstructure. 

Electron backscatter diffraction (EBSD) tests 
were conducted using a field emission scanning 
electron microscope (ZEISS, SUPRATM 55, 
Germany) with an EBSD probe. Al2O3 particles  
and dislocation distribution characteristics were 
analyzed using a transmission electron microscope 
(Tecnai G2 F30, FEI, USA). 

The physical analysis of the welded micro- 
structure was performed using an X-ray diffractometer 
(Rigaku, Ultima IV, Japan) with Cu Kα radiation. 

 

 
Fig. 1 Schematic diagram of preparation process for PM 7A52 aluminum alloy plate 
 
Table 1 Compositions of 7A52 base metal and ER 5356 welding wire (wt.%) 

Sample Si Fe Cu Mn Mg Cr Zn Ti Zr Al 

7A52 0.25 0.30 0.05−0.20 0.20−0.50 2.00−2.80 0.15−0.25 4.00−4.80 0.05−0.18 0.15 Bal. 

ER 5356 0.25 0.40 0.10 0.05−0.20 4.50 5.50 0.05 0.20 0.10 Bal. 
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Fig. 2 Schematic diagrams of MIG welding (a), SWXRD test (b), distribution of test point locations (c), tensile 
specimen dimension (d), and sampling location (e) (unit: mm) 
 
Table 2 Welding process parameters 

Angle of  
welding 
torch/(°) 

Shielding 
gas 

Welding 
speed/ 

(m·min−1) 

Wire feed 
rate/ 

(m·min−1) 

MIG 
current/A 

MIG 
voltage/V 

Shielding gas 
flow rate/ 
(L·min−1) 

Swing 
parameter/ 

mm 

60 Pure argon 0.15 18 230 25 30 2.5 

 
The scanning angle range was 10°−120°, and the 
scanning speed was 1 (°)/min. Macrotexture testing 
was carried out using a self-developed short- 
wavelength X-ray diffractometer (SWXRD−2000, 
China), equipped with a tungsten target. The 
operating voltage and current were set to 200 kV 
and 4 mA (λ=0.208992 Å), with the (111) crystal 
plane and a diffraction angle of 5.123°. Parallel 
X-rays were directed into the crystal, generating 
diffraction lines that were received by a collimator, 
satisfying the Bragg equation. The final exposure 
was captured on an array detector, revealing the 
Debye ring. A schematic diagram of the equipment 
is shown in Fig. 2(b). 
 
2.3 Residual stress and mechanical properties 

test 
Both internal residual stress and macrotexture 

tests were performed using the SWXRD instrument. 
The residual stress measurement followed the 
principle of neutron diffraction [42] and was 

obtained by the method based on Bragg’s law, as 
outlined in Eqs. (1) and (2). Stress-free specimens 
were prepared by cutting the material into a grid 
with a size of 5 mm × 5 mm and a depth of 10 mm 
to release residual stress. Residual stresses in the 
extruded direction (ED) and transverse direction 
(TD) of the welded plate were calculated under the 
assumption of planar stress, as shown in Eqs. (3) 
and (4). The test depth was for the central layer of 
the plate.  
2 sin =hkld θ λ                             (1) 
 

( )0 0= /hkld d dε −                          (2) 
 

( )( )2= / 1xx hkl hkl xx hkl yyE ν νσ ε ε− +             (3) 
 

( )( )2= / 1yy hkl hkl yy hkl xxE ν νσ ε ε− +             (4) 
 
where dhkl and d0 represent the lattice spacings of 
the welded specimen and stress-free specimen with 
(hkl) crystal plane, respectively. θ is the diffraction 
angle and λ is the wavelength. ε and σ are the strain 
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and residual stress, respectively. Ehkl and νhkl denote 
Young’s modulus and Poisson’s ratio, respectively. 
The distribution of residual stress test points, 
perpendicular to the welding direction, is shown in 
Fig. 2(c) and Table 3. Points O−G represent the 
actual test locations for residual stress, while points 
O1−G1 correspond to the test locations for 
stress-free specimens. 
 
Table 3 Distribution of test points for internal residual 
stress in MIG welding 

Test point Distance to welding center/mm Region 

O, O1 0 
WZ 

A, A1 5 

B, B1 10 

HAZ C, C1 15 

D, D1 20 

E, E1 30 

BM F, F1 60 

G, G1 90 

 
The microhardness perpendicular to the weld 

direction was measured using an HXD−1000TMC/ 
LCD microhardness tester. A loading force of 
1.96 N and a dwell time of 15 s were applied. 
Tensile testing of the welds was conducted using 
the MTS Landmark tester at room temperature, 
with a strain rate of 0.5 mm/min. The dimensions of 
the dog-bone tensile specimens were 37 mm in 
width, 13.5 mm in thickness, and 170 mm in total 
length, as shown in Fig. 2(d). Three tensile 
specimens were selected as parallel samples. The 
tensile strength and elongation were calculated by 
averaging the measurements, and one set of data 
was used to construct the stress−strain curve. The 
sampling location is shown in Fig. 2(e). 
 
3 Results 
 
3.1 Morphology 

The metallographic microstructure of BM and 
WZ for PM 7A52 and CM 7A52 aluminum alloys 
are shown in Figs. 3(a1)−(d1). The BM of both 
materials exhibited a typical rolling microstructure, 
with the grain size perpendicular to the ND being 
larger than that in the other two directions. PM 
7A52 displayed a noticeable reduction in grain size 
along all three directions compared to CM 7A52. A 

comparison of the WZ microstructures (Figs. 3(c1) 
and (d1)) reveals that the grains in all three 
directions exhibited an equiaxed structure in both 
materials. 

To further investigate potential differences in 
the phases of the two materials, the microstructure 
was analyzed in greater detail (as shown in 
Figs. 3(a2)−(d2) and (a3)−(d3)). Local face-scanning 
elemental analysis of the BM in Areas 2 and 4 
revealed that its elemental composition was 
consistent with that of the 7A52 aluminum alloy (as 
shown in Table 1). The WZ exhibited higher levels 
of Mg2Si and MgZn2 phases due to the relatively 
high magnesium content in the ER 5356 wire, along 
with the presence of some Al2Cu phases. Notably, 
the size and distribution of the phases were similar 
in both PM 7A52 and CM 7A52 welds. Elemental 
distribution scanning results of the WZ also 
revealed that the Zn content was higher than that of 
the standard ER 5356, while the Cr content was 
lower. This variation may be attributed to some of 
the BM material entering the WZ in a molten   
state, which solidified during welding and caused 
changes in elemental composition. 

 
3.2 Macrotexture 

To further investigate the composition and 
content of the phases, XRD analyses were 
conducted on both the BM and WZ (Figs. 4(a) and 
(b)). The phase compositions in the BM and WZ of 
the PM 7A52 and CM 7A52 aluminum alloys were 
found to include Al, Mg2Si, Al2Cu, and MgZn2. 
Notably, the peak strengths of these phases in    
the BM and WZ of PM 7A52 were comparable to 
those of CM 7A52. However, the strongest peak 
intensities in the BM and WZ of PM 7A52 were 
lower than those of CM 7A52, which may be 
attributed to differences in texture. As shown in 
Figs. 4(c)−(f), the diffraction Debye rings for the 
(111) plane in the BM and WZ are depicted, with 
colors ranging from blue to red representing 
intensity from low to high. It is evident that the 
diffraction intensity at characteristic points of the 
Debye rings in the BM and WZ of PM 7A52   
was lower than that in CM 7A52. Furthermore, the 
diffraction intensity distribution curves around the 
Debye rings (Figs. 4(g) and (h)) indicate that the 
fluctuation range of diffraction intensity in the BM 
and WZ of PM 7A52 was narrower compared to 
that of CM 7A52. 
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Fig. 3 3D metallographic microstructure (a1−d1), SEM microstructure (a2−d2), and EDS elemental scanning results (a3−d3) 
of BM for PM 7A52 (a1−a3) and CM 7A52 (b1−b3), as well as WZ for PM 7A52 (c1−c3) and CM 7A52 (d1−d3) 
 
3.3 Microstructure 
3.3.1 Grain size 

The microstructural transformation during the 
welding process significantly affected the residual 
stress and mechanical properties of the welded 
joints. The grain orientation distributions for the 
WZ, HAZ, and BM of both materials are shown in 
Fig. 5. EBSD measurements of the WZ, HAZ, and 
BM were taken from the center layer of the plate, 
with the WZ observations focused at the center 
along the ED. In the BM, the grain color 
distribution of PM 7A52 aluminum alloy was more 
uniform compared to CM 7A52, indicating that 
powder metallurgy aluminum alloys exhibited 
lower texture (Figs. 5(c) and (i)). Additionally, the 
grain size of PM 7A52 (5.9 μm) was significantly 
smaller than that of CM 7A52 (15.4 μm). 

The grains in the HAZ were influenced by the 

weld-heat cycle, resulting in growth compared to 
the BM while retaining their elongated shape. The 
grain size in the HAZ of PM 7A52 aluminum alloy 
(6.8 μm) was significantly smaller than that of CM 
7A52 (20.5 μm). In the WZ, most equiaxed grains 
in PM 7A52 exhibited a random orientation distribution. 
Additionally, the grains in PM 7A52 were refined, 
with their size reduced compared to those in CM 
7A52. 
3.3.2 Grain boundary and dislocation density 

The grain boundary size and dislocation 
density significantly influenced the strength of the 
weld. The grain boundary size distributions in the 
WZ, HAZ, and BM are shown in Fig. 6. The 
number of small-angle grain boundaries in PM 
7A52 was higher than that in CM 7A52 for both  
the BM and WZ. In particular, the proportion of 
small-angle grain boundaries in the WZ was 14.8% 
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Fig. 4 XRD patterns of BM (a) and WZ (b); Diffraction Debye rings of BM in PM 7A52 (c) and CM 7A52 (d), and WZ 
in PM 7A52 (e) and CM 7A52 (f) analyzed using SWXRD; Diffraction peak intensity variation curves for BM (g) and 
WZ (h) (K is the angle along Debye ring) 
 
for PM 7A52 and 9.5% for CM 7A52. This increase 
of 5.3% in small-angle grain boundaries had a 
notable impact on the strength of the welded joints. 

The local misorientation distribution is shown 
in Fig. 7. Using Eq. (5) [43], the geometric 
necessary dislocation density (ρGND) was calculated 
based on the average local misorientation (θKAM). 
The calculated geometric necessary dislocation 
density values are provided in Table 4. The results 
show that the dislocation density of PM 7A52 in the 
WZ, HAZ, and BM decreased to various degrees 
compared to that of CM 7A52. Additionally, in the 

WZ of CM 7A52, regions with higher dislocation 
density were concentrated, potentially leading to 
stress concentration and increasing the risk of 
fracture susceptibility [44].  

GND KAM2 /( )bdρ θ≅                        (5) 
 
where d is the EBSD scan step, and b is the magnitude 
of Burger vector for aluminum metal (0.286 nm). 
3.3.3 Recrystallization and microtexture 

The recrystallization microstructures in the 
WZ, HAZ, and BM of PM 7252 and CM 7A52 are 
shown in Figs. 8(a)−(f). In the BM, the CM 7A52 
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Fig. 5 Grain orientation (a−c, g−i) and grain size distribution (d−f, j−l) in different weld areas of PM 7A52 (a−f) and 
CM 7A52 (g−l) 
 
exhibited a higher proportion of deformed micro- 
structure, approximately 24.7%. Compared to CM 
7A52, the PM 7A52 showed a 17.0% reduction in 
recovery microstructure and a 21.5% increase in 
recrystallization microstructure. Welding heat input 
caused significant changes in the microstructures of 
the HAZ and WZ as well. In the WZ, the recovery 
microstructure of PM 7A52 decreased by 21.1%, 
while its recrystallization microstructure increased 
by 37.2%. 

Figures 8(g)−(l) present the pole figures of the 
(111) plane for different welding regions. The pole 

density value of PM 7A52 was consistently lower 
than that of CM 7A52 across all regions. This finding 
indicates that the powder metallurgy aluminum 
alloy exhibited a weaker texture after welding. The 
weaker texture is attributed to the presence of Al2O3 
particles, which inhibited dynamic recovery and 
recrystallization during the deformation, as well as 
static recovery and recrystallization during heat 
treatment, resulting in a finer texture structure [45]. 
Specifically, the pole density values in the BM 
region were 7.1 for PM 7A52 and 10.7 for CM 7A52. 
In the WZ, these values were 3.6 and 5.6, respectively. 
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Fig. 6 Grain boundary (a−c, g−i) and grain boundary angle distribution (d−f, j−l) in different weld areas of PM 7A52 
(a−f) and CM 7A52 (g−l) 
 
3.4 Residual stress and lattice spacing 

Residual stress can significantly influence the 
mechanical properties, corrosion resistance, and 
fatigue performance of welded joints. Consequently, 
measuring and mitigating residual stress in welded 
joints has been a key research focus. Figures 9(a), 
(b), (d) and (e) illustrate the lattice spacings of both 
the welded specimen and the stress-free specimen 
along the TD and ED for the PM 7A52 and CM 7A52. 

In the WZ, the difference in lattice spacing 
between the welded specimen and the stress-free 

specimen was smaller for PM 7A52 compared to 
CM 7A52. This observation is attributed not only to 
residual stress but also to differences in alloy 
composition and microstructure. Figures 9(c) and (f) 
illustrate the internal residual stress distribution 
curves for PM 7A52 and CM 7A52, respectively. It 
can be observed that residual stress in the WZ was 
generally higher than that in the HAZ and the BM. 
Furthermore, the average peak residual stress in  
the WZ of CM 7A52 was approximately 38 MPa 
higher than that of PM 7A52. 
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Fig. 7 Local misorientation distribution in different weld areas of PM 7A52 (a−f) and CM 7A52 (g−l) 
 
Table 4 Geometric necessary dislocation density ρGND in 
different weld areas 

Alloy 
ρGND/1014 m−2 

WZ HAZ BM 

PM 7A52 1.88 1.95 2.09 
CM 7A52 2.03 2.06 3.90 

 
3.5 Mechanical properties 

Mechanical properties, such as microhardness 
and tensile strength, are critical for ensuring     
the service safety of aluminum alloy weldments. 

Figures 10(a) and ( b) show the microhardness 
distribution curves from the WZ to the BM. Due to 
the uneven heat distribution during the welding 
process, the microhardness profile exhibited a 
double “W” pattern [46]. Compared to CM 7A52, 
PM 7A52 demonstrated the improved microhardness 
in the WZ, HAZ, and BM. Specifically, the 
microhardness in the BM of PM 7A52 was 
approximately HV 123, an increase of 20% over 
CM 7A52 (HV 102). Moving from the BM to the 
HAZ, the microhardness gradually decreased due to 
recrystallization in the HAZ, which weakened the 
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Fig. 8 Recrystallization microstructure distribution in different weld areas of PM 7A52 (a−c) and CM 7A52 (d−f); Pole 
figures in different weld areas of PM 7A52 (g−i) and CM 7A52 (j−l) 
 
work-hardening effect, and the reduction of 
strengthening phases in the BM after solution 
treatment. In the WZ, PM 7A52 exhibited an 
average microhardness of HV 88, approximately  
17% higher than that of CM 7A52 (HV 75). This 
improvement is likely due to dispersed Al2O3 
particles in PM 7A52, which entered the molten 
pool during welding process and refined the weld 
microstructure, thereby enhancing microhardness 
(see Figs. 5(a) and (g)). 

Figures 10(c) and (d) display the engineering 
stress−strain curves, and histogram of tensile 
strength and elongation, respectively. For PM 7A52, 
the tensile strength and elongation reached 
291.3 MPa and 7.3%, respectively, approximately 
15% and 26% higher than those of CM 7A52.   

The tensile fracture morphology, shown in 
Figs. 10(e)−(j), reveals a denser ligamentous dimple 
microstructure in PM 7A52 compared to CM 7A52. 
Despite this, porosity defects were observed in the 
WZ of both materials due to variations in hydrogen 
solubility in the aluminum alloy liquid and the 
supersaturation of hydrogen, which precipitated 
from the weld and formed porosity. Notably, the 
addition of Al2O3 particles did not increase the 
porosity in the WZ. The maximum pore diameters 
in PM 7A52 and CM 7A52 were approximately 
0.65 and 0.93 mm, respectively, as shown in 
Figs. 10(e) and (h). These porosity defects 
significantly affect the mechanical properties of the 
materials, highlighting the need to reduce WZ 
porosity in PM 7A52. The product of strength and 



Jing-han YANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2500−2520 2511 

 

 

Fig. 9 Lattice spacings of welded specimens and stress-free specimens along TD (a, d) and ED (b, e) in PM 7A52    
(a, b) and CM 7A52 (d, e); Internal residual stress along direction perpendicular to weld seam in PM 7A52 (c) and CM 
7A52 (f) 
 
elongation, which reflects the material’s balance 
between strength and plasticity [47], was 2.1 GPa·% 
for PM 7A52, higher than that of CM 7A52 (see 
Fig. 10(k)). 
To further explore the location and mode of tensile 
fracture, the microstructure near the fracture was 
examined (Figs. 11(a) and (b)). The results indicate 
that the fracture in both aluminum alloy materials 
primarily occurred in the WZ and was 
predominantly characterized by the transcrystalline 
fracture. Figures 11(c)−(h) present the distribution 
of grain boundaries, local misorientation, and 

Schmid factor near the fracture. A higher number of 
small-angle grain boundaries near the fracture in 
PM 7A52 were observed, correlating with its higher 
tensile strength. Conversely, CM 7A52 exhibited 
larger local misorientation near the fracture, 
indicating greater susceptibility to cracking under 
tensile forces. The Schmid factor, which represents 
the ratio of shear stress to principal stress after 
orthogonal decomposition [48], was also higher in 
CM 7A52. This larger Schmid factor made cracks 
more prone to initiation and propagation in CM 
7A52 [49−51]. 



Jing-han YANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2500−2520 2512 

 

 
Fig. 10 Microhardness distribution curves of PM 7A52 (a) and CM 7A52 (b); Engineering stress−strain curves (c) and 
histogram of tensile strength and elongation (d); Tensile fracture morphologies of PM 7A52 (e−g) and CM 7A52 (h−j); 
Histogram of product of strength and elongation (k) 
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4 Discussion 
 
4.1 Improvement of microstructure of welded 

joint 
Welding microstructure plays a crucial role  

in determining the welding performance. Figure 12 
illustrates the microstructure near the fusion line for 
PM 7A52 and CM 7A52 aluminum alloys. Due to 
the high cooling rate and temperature gradient 
during welding, epitaxial solidification occurred  
in the fusion zone (FZ), with grains growing 
perpendicularly to the BM grains and attaching   
to the semi-fused grains in the HAZ. Compared   
to CM 7A52, PM 7A52 exhibited a wider weld  
width (Figs. 10(a) and (b)) and a narrower fusion 
line (Figs. 12(a) and (e)), which contributed to the 
improved weld performance. Grain refinement near 
the FZ of PM 7A52 was attributed to the dispersed 
nanoparticles, which inhibited grain boundary 

migration under the heat input, limiting grain 
growth in HAZ. Consequently, PM 7A52 exhibited 
reduced texture and smaller grain gradients from the 
FZ to the BM, enhancing its weld microstructure. 

As shown in Figs. 12(b) and (f), the proportion 
of small-angle grain boundaries in the WZ, FZ, and 
HAZ of PM 7A52 exhibited minimal variation. In 
contrast, CM 7A52 showed a significantly lower 
number of small-angle grain boundaries in the FZ 
and WZ compared to the HAZ. This microstructural 
inhomogeneity, driven by variations in small-angle 
grain boundaries, can significantly impact the 
mechanical properties. A comparison of Figs. 12(c) 
and (g) revealed that CM 7A52, which exhibited a 
higher Schmid factor across the WZ, FZ, HAZ, and 
BM, had an increased susceptibility to cracking. 
Additionally, the dislocation density in PM 7A52 
was relatively low and uniformly distributed 
throughout the WZ, FZ, HAZ, and BM, as shown in 
Figs. 12(d) and (h). In contrast, CM 7A52 tended to 

 

 
Fig. 11 Grain orientation distribution near fracture in PM 7A52 (a) and CM 7A52 (b); Distribution of grain boundaries 
in PM 7A52 (c) and CM 7A52 (d); Distribution of local misorientation in PM 7A52 (e) and CM 7A52 (f); Schmid 
factor distribution in PM 7A52 (g) and CM 7A52 (h) 
 

 
Fig. 12 Distribution of grain orientation near FZ in PM 7A52 (a) and CM 7A52 (e); Distribution of grain boundary in 
PM 7A52 (b) and CM 7A52 (f); Distribution of Schmid factor of PM 7A52 (c) and CM 7A52 (g); Distribution of local 
misorientation of PM 7A52 (d) and CM 7A52 (h) 
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develop localized dislocation concentrations, 
particularly in the WZ and HAZ, increasing the risk 
of stress concentration and cracking [52,53]. 
 
4.2 Reduction of residual stress in welded joint 

The reduction in residual stress in the WZ of 
PM 7A52 was primarily attributed to the grain size 
and dislocation density. As shown in Figs. 5(a) and 
(g), the average grain size of PM 7A52 was smaller, 
likely due to the presence of Al2O3 particles in the 
BM, which entered the WZ during welding. These 
particles, with their excellent thermal stability, 
inhibited the grain growth [33]. While grain 
refinement can sometimes lead to the increased 
stress, Figs. 13(a)−(d) illustrate the morphology and 
FTT-filtered images of PM 7A52 and CM 7A52 in 
the WZ, revealing average lattice spacings of 
0.2091 and 0.2155 nm, respectively. Given the 
known tensile stress in the WZ (Figs. 9(c) and (f)), 
higher lattice spacing is typically associated with 
larger residual stress. Figures 13(e)−(h) present the 
dislocation distribution in the WZ for both alloys. 
The dislocation lines in CM 7A52 were highly 
entangled, whereas PM 7A52 exhibited fewer 
dislocation lines, resulting in a lower dislocation 

density (see Figs. 7(a) and (g)). The higher 
dislocation density in CM 7A52 caused significant 
lattice distortion, thereby elevating residual stress. 
In contrast, the reduced dislocation density in PM 
7A52 accounted for its lower residual stresses in the 
WZ. Figures 13(i)−(l) show GPA analysis results of 
PM 7A52 and CM 7A52 based on Figs. 13(b) and 
(d). The analysis indicates that the presence of 
Al2O3 particles reduced the lattice distortion, as 
evidenced by the lower ɛxx and ɛyy values, leading to 
diminished microstress and, consequently, lower 
residual stress in PM 7A52. 

 
4.3 Improvement of welded joint strength 

By comparing the weld microstructure and 
mechanical properties of PM 7A52 and CM 7A52 
aluminum alloys, it was discovered that the 
enhanced strength of PM 7A52 welded joints primarily 
originated from the multifaceted strengthening 
mechanisms, including dispersion strengthening 
and grain boundary strengthening. According to  
the strengthening mechanisms of conventional 
aluminum alloys [54] and powder metallurgy 
Al−Zn−Mg−Cu alloys [45], the strength of welded 
joints of aluminum alloys (σstrength) can be expressed 

 

 

Fig. 13 Morphology and FTT-filtered images in WZ of PM 7A52 (a, b) and CM 7A52 (c, d); Dislocation distribution in 
WZ of PM 7A52 (e, f) and CM 7A52 (g, h); GPA analysis results of ɛxx and ɛyy distribution for (b) in PM 7A52 (i, j) and 
(d) in CM 7A52 (k, l) 
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as the sum of the following strengthening 
contributions  

strength Al gb d ss ppt alumina= + + + + +σ σ σ σ σ σ σ∆ ∆ ∆ ∆ ∆ (6) 
 
where σAl is the yield strength of pure aluminum, 
45 MPa [55], Δσgb, Δσd, Δσss, Δσppt and Δσalumina 
represent the strength increments contributed    
by grain boundaries, dislocations, solid-solution, 
precipitates and γ-Al2O3, respectively. Under T6 
heat treatment conditions, a significant number of 
atoms form secondary phases, reducing the number 
of atoms in the solid solution. Consequently, the 
contribution of solid-solution strengthening to the 
total strength becomes negligible [56]. Furthermore, 
the primary phase in the WZ of PM 7A52 and CM 
7A52 is the MgZn2 phase (as shown in Fig. 14). 
From Figs. 3(c3) and (d3), and Fig. 4(b), it can be 
observed that there is minimal difference in the 
number and size of precipitate phases (e.g., MgZn2, 
Mg2Si) in the WZ of both alloys. Thus, the impact 
of precipitation strengthening on the difference in 
joint strength between PM 7A52 and CM 7A52 is 
considered negligible. Thus, the strength increment 
(Δσstrength) can be expressed by  

strength gb d alumina= + +σ σ σ σ∆ ∆ ∆ ∆              (7) 

 
The effect of grain boundary strengthening 

was enhanced in the WZ of PM 7A52 due to the 
relatively high number of small-angle grain 
boundaries (as shown in Figs. 6(a) and (g)). The 
grain boundary strengthening Δσgb is calculated 
from the Hall−Petch formula [57,58]:  

1/2
gb =kdσ −∆                             (8) 

 
where d is the average grain size in the WZ, and k is 
a material constant, for Al−Zn−Mg−Cu alloy it is 
0.12 MPa·m−1/2. The average grain sizes in the WZ 
of the PM 7A52 and CM 7A52 were 28.9 and 
36.7 μm, respectively. Based on these values, the 
strength increments due to grain boundary 
strengthening for PM 7A52 and CM 7A52 were 
22.3 and 19.8 MPa, respectively. 

According to Table 4, the dislocation density 
in the WZ of PM 7A52 was lower than that of CM 
7A52. The dislocation strengthening Δσd can be 
calculated using the Bailey−Hirsch formula [59]:  

1/2
d =MαGbσ ρ∆                          (9) 

 
where M is the average orientation factor for FCC 
metal (3.06), α is a constant (0.2 for the FCC metal), 
G is the shear modulus (26.9 GPa for aluminum 
alloy), and ρ is the dislocation density of the GNDs, 

 

 
Fig. 14 Phase morphologies of WZ in PM 7A52 (a, b) and CM 7A52 (c, d); Morphology and EDS elemental scanning 
results of PM 7A52 near tensile fracture (e, f) 
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as listed in Table 4. The strength increments    
due to dislocation strengthening for PM 7A52 and 
CM 7A52 were calculated to be 64.8 and   
66.9 MPa, respectively. Combining the contributions 
of grain boundary strengthening and dislocation 
strengthening, the total strength increments for 
PM 7A52 and CM 7A52 were 87.1 and 86.7 MPa, 
respectively. 

The morphology and EDS results near the 
tensile fracture of PM 7A52 and CM 7A52 are 
shown in Fig. 14. It was observed that the content 
of Zn and Cr near the fracture deviated from the 
standard ER 5356 composition, with Zn being 
higher and Cr being lower. This variation likely 
occurred because portions of PM 7A52 entered the 
weld seam in a molten state and solidified during 
welding. Consequently, it can be inferred that the 
WZ contained Al2O3 particles. 

To investigate the presence of Al2O3 particles 
in the WZ, the morphology, high-resolution diffraction 
rings, and face-scan EDS distributions of the BM 
and WZ in PM 7A52 aluminum alloy were 
analyzed. TEM measurements of the WZ and BM 
were conducted in the central layer of the plate, 
with the WZ observation positioned at the center 
along the ED. As shown in Figs. 15(a)−(d), a 
comparison of the polycrystalline diffraction rings 

with the PDF#75-0921 standard card confirmed that 
the black particles were γ-Al2O3 particles, ranging 
in size from 5 to 50 nm [45]. Further comparison of 
the distribution of γ-Al2O3 particles in the BM and 
WZ (Figs. 15(e)−(h) and 15(i)−(l)) revealed that 
these particles were uniformly dispersed in both 
regions. Notably, a higher concentration of γ-Al2O3 
particles was observed in the BM compared to the 
WZ, primarily due to the incorporation of γ-Al2O3 
particles from the BM into the WZ. The dispersion 
of γ-Al2O3 particles significantly enhanced the 
tensile strength and microhardness of the weld in 
powder metallurgy aluminum alloys, contributing to 
an improvement in mechanical properties through 
dispersion strengthening [60,61]. To quantify the 
strength enhancement induced by γ-Al2O3 particle 
dispersion in PM 7A52, the following equations 
were used for calculation:  

alumina 1= ln[π /(2 )]/(2π 1 )MGb r b νσ λ∆ ⋅ −     (10) 

1 v=2 π/(3 3 ) π/4r fλ  −  
                (11) 

 
where v is Poisson’s ratio (0.33 for aluminum 
alloys), r is the average radius of the phase, λ1 is the 
inter-edge phase spacing, and fν is the volume 
fraction of the precipitates. The values of r and fν 
are listed in Table 5. The calculated results indicated 

 

 
Fig. 15 Morphologies of γ-Al2O3, high-resolution images, and diffraction rings in BM (a, b) and WZ (c, d) of PM 7A52; 
Face-scan EDS results of γ-Al2O3 in BM (e−h) and WZ (i−l) of PM 7A52 
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Table 5 Microstructural characteristics of γ-Al2O3 particles 
in WZ of PM 7A52 

r/nm fν/% 

28 0.46 

 

 
Fig. 16 Mechanism of γ-Al2O3 particles in weld of PM 
7A52 
 
that the strength contribution from dispersion 
strengthening in the WZ of PM 7A52 was 52.1 MPa. 
In summary, the total strength increment of PM 
7A52 compared to CM 7A52 in the WZ was 
52.5 MPa, considering the combined effects     
of dispersion strengthening, grain boundary 
strengthening, and dislocation strengthening. Since 
the effects of γ-Al2O3 dispersion strengthening and 
grain boundary strengthening are not linearly 
additive, the actual strength was typically lower 
than the calculated value. Overall, PM 7A52 
significantly improved the weld microstructure, 
reduced weld residual stress, and enhanced 
mechanical properties such as microhardness and 
tensile strength. The mechanism, by which Al2O3 

particles influence the WZ of PM 7A52, is 
illustrated in Fig. 16. Future work will involve 
replacing the ER 5356 welding wire with powder 
metallurgy welding wire to further enhance the 
mechanical properties of welded joints while 
maintaining low residual stress levels. 
 
5 Conclusions 
 

(1) In-situ generated nano-Al2O3 dispersion 
strengthening PM 7A52 and CM 7A52 aluminum 
alloys were MIG welded. The grain size in the WZ, 
HAZ, and BM of PM 7A52 was refined to varying 
degrees after welding. Additionally, the number of 
small-angle grain boundaries in the WZ of PM 
7A52 increased by 5.3% compared to that of CM 
7A52. 

(2) PM 7A52 aluminum alloy effectively 
reduced dislocation density in the WZ, HAZ, and 
BM, lowering the risk of stress concentration. It 
also reduced texture strength, with pole density 
values in the WZ of PM 7A52 (3.6) being lower 
than those of CM 7A52 (5.6). 

(3) Internal residual stress analysis performed 
with self-developed SWXRD equipment revealed 
that the residual stress in the WZ of PM 7A52 was 
about 38 MPa lower than that of CM 7A52. 

(4) In the WZ, the average microhardness of 
PM 7A52 (HV 88) was about 17% higher than that 
of CM 7A52 (HV 75). Furthermore, the tensile 
strength and elongation of the welded joints of PM 
7A52 were approximately 15% and 26% higher, 
respectively, compared to those of CM 7A52. The 
enhanced tensile strength in the welded joints of 
PM 7A52 was primarily attributed to the grain 
boundary strengthening and the dispersion 
strengthening caused by γ-Al2O3 particles. 
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摘  要：对原位生成纳米 Al2O3 的粉末冶金 7A52(PM 7A52)铝合金 MIG 焊进行研究。采用 EBSD 和 TEM 对显微

组织进行分析。采用自主研发的 SWXRD 技术对宏观织构和内部残余应力进行分析。结果表明：PM 7A52 铝合金

能有效降低焊后组织的晶粒尺寸、位错密度和织构强度。此外，与传统熔融铸 7A52 铝合金(CM 7A52)相比，PM 

7A52 铝合金焊缝区(WZ)的残余应力降低了 38 MPa。特别地，PM 7A52 铝合金焊接接头的抗拉强度和伸长率分别

提高了约 15%和 26%。接头抗拉强度的提高主要是由于晶界强化和 γ-Al2O3 颗粒进入 WZ 引起的弥散强化。 

关键词：粉末冶金 7A52 铝合金；MIG 焊接；SWXRD 技术；织构；残余应力；力学性能 
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