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Abstract: To elucidate the mechanisms of regulating the microstructure uniformity in 7050 aluminum forgings through 
surface cumulative plastic deformation (SCPD), the microstructure under different solution treatments was investigated 
using metallographic observation (OM), electron backscatter diffraction (EBSD), transmission electron microscopy 
(TEM), and X-ray diffraction (XRD). The findings demonstrate that the most uniform microstructure in the forgings is 
achieved with a solution treatment at 470 °C for 30 min. The SCPD process generates a significant number of 
needle-shaped precipitates, resulting in a higher dislocation density and stored energy. Solution treatments alleviate the 
pinning effect of second-phase particles and facilitate static recrystallization (SRX) in forgings, leading to a reduction in 
grain size. Additionally, mechanical testing results demonstrate 7%−13% increase in tensile strength and more uniform 
elongation of the forgings in different directions. 
Key words: microstructure homogeneity; surface cumulative plastic deformation (SCPD); static recrystallization (SRX); 
dislocation density  
                                                                                                             

 
 
1 Introduction 
 

The 7000 series aluminum alloys have been 
widely applied to producing crucial structural 
components of large aircraft due to their excellent 
mechanical properties, particularly high specific 
strength [1,2]. Most large aircraft forgings   
exhibit a distinctive local structure with high 
reinforcement and thin walls [3]. However, 
traditional hot die forging conditions introduce a 

significant temperature gradient between the 
surface and core regions of the forging. This 
disparity can severely impact the performance of 
aerospace structural components, resulting in a 
substantial reduction in the utilization efficiency of 
aerospace materials [4,5].  

In recent years, the research on the thermal 
deformation behavior of 7XXX aluminum alloy  
has attracted extensive attention. ZUO et al [6] 
successfully achieved fine crystals in 7055 
aluminum alloy through a double-step hot rolling 
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(DRT). Their further investigation revealed a 
substantial presence of MgZn2 precipitation phase 
during the initial rolling, exerting a pinning effect 
on dislocations and grain boundaries. Subsequent 
short-term annealing alleviated this pinning effect, 
promoting the formation of numerous polygonal 
sub-grains and achieving grain refinement. HU   
et al [7] conducted surface cumulative plastic 
deformation (SCPD) on 7050 aluminum alloy and 
found that grain refinement primarily resulted from 
the accumulation of stored energy and dislocation 
density during the cumulative deformation  
process. Subsequently, they developed a static 
recrystallization (SRX) model for aluminum 
forgings to accurately describe the SRX behavior 
during SCPD. PADAP et al [8] performed solution 
treatments of 7075 aluminum alloy that had 
undergone uniaxial compression at 480 °C for 
90 min. They observed a 4.54% reduction in alloy 
hardness after the treatments, accompanied by the 
appearance of MgZn2 and Al2CuMg precipitates, as 
revealed by X-ray diffraction. LIAO et al [9] 
conducted high strain rate rolling on 7050 
aluminum alloy, leading to a high percentage of 
low-angle grain boundaries. This promoted the 
precipitation of the second-phase particles due to 
the presence of dislocations and sub-grains. The 
combination of high strain rate rolling and heat 
treatments resulted in the aluminum alloy with 
excellent properties, mainly attributed to the 
presence of precipitates and the second-phase 
particles. LI et al [10] investigated the micro- 
structure evolution of 7050 aluminum alloy under 
deformation at different temperatures. After the 
deformation at 350 °C, the microstructure 
transitioned from dislocation tangles to dislocation 
cells and sub-grains. At the deformation 
temperature of 450 °C, continuous dynamic 
recrystallization (DRX) occurred, with the primary 
nucleation mechanism being sub-grain growth and 
coalescence. 

In this study, the SCPD process was proposed 
to address microstructure inhomogeneity in 
aluminum alloy forgings caused by traditional hot 
forging methods. The SCPD process aims to 
regulate the dislocation density on the surface of the 
forgings, and the subsequent solution treatments 
can promote recrystallization, refining the surface 
grains of the forgings. However, the microstructure 
evolution mechanism and its impact on mechanical 

properties during the SCPD process have not yet 
been clarified. In this study, the microstructure of 
SCPD under different solution treatments was 
investigated by metallographic observation (OM), 
electron backscattered diffraction (EBSD), 
transmission electron microscopy (TEM), and 
X-ray diffraction (XRD). Simultaneously, the 
mechanical performance tests were conducted to 
effectively characterize the improvement in the 
mechanical properties of the forgings by the SCPD 
process. 
 
2 Experimental 
 
2.1 SCPD experiment 

The chemical compositions of 7050 aluminum 
alloy are given in Table 1. 
 
Table 1 Chemical compositions of 7050 aluminum alloy 
billet (wt.%) 

Zn Mg Cu 

7.37−7.69 1.16−2.42 2.46−2.64 

Si Zr Fe Al 

0.19−0.29 <0.14 <0.1 Bal. 

 
To obtain forgings with an inhomogeneous 

microstructure, conventional hot-die forging 
experiments were performed using a 3 MN 
hydraulic press at 350 °C. The experimental 
schematic is shown in Fig. 1(a), with a pressing 
velocity of 0.02 m/s and a deformation amount of 
10%. The initially formed forging is shown in 
Fig. 1(b). According to the metallographic images 
of the surface and core microstructures of the 
forging, the average grain diameter of the surface is 
about 105 μm and the average grain diameter of the 
core is about 83 μm. 

The inhomogeneous H-shaped forging 
obtained from the hot die forging was heated to 
200 °C and held for 40 min, and then the same 
molds were heated to 300 °C using a thermocouple, 
and the SCPD experiments were conducted under 
this condition. The finally formed forging is shown 
in Fig. 1(c). After the experiment, the deformed 
samples were treated with solution treatments at 
470 °C and held for 10, 30, 40, and 60 min, 
respectively. Finally, samples were taken at the 
position shown in Fig. 1(c) for metallographic 
observation (OM). The samples were polished with 
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Fig. 1 Experimental schematic of SCPD process: (a) Die forging mold; (b) Conventional hot die forging at 350 °C;   
(c) SCPD experimental die forgings at 300 °C and sampling locations; (d) Sampling chart for mechanical property 
testing 
 
different grades of SiC grinding paper and then 
eroded using an etchant composed of 1 mL HF, 
2 mL HNO3, 2 mL HCl and 95 mL H2O. To further 
characterize the grain structure, the samples were 
electrochemically polished at −15 °C with a voltage 
of 20 V. The electrolyte used was a composition of 
10 vol.% perchloric acid (HClO4) and 90 vol.% 
methanol (CH3OH) solution. Subsequently, electron 
backscatter diffraction (EBSD) experiments were 
performed on the Sigma 500 scanning electron 
microscope. The sample of 3 mm in diameter was 
electropolished using 30 vol.% nitric acid (HNO3) 
solution and 70 vol.% methanol (CH3OH) solution 
in an RL-I dual-jet thinning instrument. The  
voltage used was 14−18 V, and the temperature  
was maintained at −20 °C. Transmission electron 
microscopy (TEM) observation was conducted on a 
Talos F200X transmission electron microscope with 
an acceleration voltage of 200 kV. X-ray diffraction 
examination was performed on a D/max2500 PC 
X-ray diffractometer, operating at 40 kV with a 
copper target. The scanning wavelength (λ) was 
1.5406 Å, and the scanning range was set from 30° 
to 50°, employing a step scan mode with a step 
width of 2 s and a step size of 0.02°. 

2.2 Mechanical performance experiment 
To investigate the influence of the SCPD 

experiments on the homogeneity of 7050 aluminum 
forgings, mechanical performance testing was 
conducted by using an INSTRON-8801 fatigue 
testing machine. The clamping force was 1.38 MPa, 
and the tensile rate was quasi-static at 0.0001 m/s. 
The forgings obtained from the SCPD experiment 
were sampled in the rib direction (T-direction)  
and thickness direction (S-direction) at a mold 
temperature of 300 °C, as shown in Fig. 1(d). For 
comparison, the forgings obtained from the hot die 
forging experiment at 350 °C were subjected to the 
same sampling process. Subsequently, the obtained 
samples were subjected to heat treatments of 
(470 °C, 1 h) + (121 °C, 6 h) + (177 °C, 12 h). 
Finally, the tensile strength, and elongation of these 
samples were measured through tensile testing. 
 
3 Results and discussion 
 
3.1 Grain structure evolution of forgings 

The metallographic images in Fig. 2 illustrate 
the grain structure evolution of the surface and core 
of the forging after different solution treatments. 
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The results show that a more significant 
recrystallization occurs internally. When the solution 
treatment time is only 10 min, as shown in 
Figs. 2(a, b), the degree of recrystallization is low 
due to the short solution treatments, and the energy 
inside the forging is not fully released, resulting in 
larger grain size. With a solution treatment for 
30 min, as shown in Figs. 2(c, d), the surface of the 
forging undergoes more obvious recrystallization, 
with a significant decrease in grain size. The 
average grain diameter of the surface is about 
79 μm, while the average grain diameter of the core 
is about 76 μm. The grain sizes in both zones 
significantly decrease, resulting in improved 
microstructure homogeneity of the forging. With   
a solution treatment for 60 min, as shown in 
Figs. 2(e, f), the grain structure of the surface 

remains unchanged, while the grain size in the core 
continues to increase. 

 
3.2 Microstructure evolution of forgings 

Figure 3 shows the EBSD images of 7050 
aluminum forgings after SCPD and different 
solution treatments. It can be observed that the 
coarse deformed grains of the forgings are separated 
by low-angle boundaries and refined significantly. 
The surface of forgings is mainly composed of fine 
sub-grains and a small portion of coarse deformed 
grains, while the number of sub-grains decreases 
and the number of recrystallized grains increases in 
the core region compared to the surface. 

As shown in Figs. 3(a, b), with a solution 
treatment time of 10 min, the strain energy released 
on the surface can only support a small portion of 

 

 
Fig. 2 Metallographic images of aluminum forgings after SCPD and solution treatment at 470 °C for different durations: 
(a, b) 10 min; (c, d) 30 min; (e, f) 60 min 
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Fig. 3 EBSD images of 7050 aluminum forgings after SCPD and solution treatment at 470 °C for different durations:  
(a, b) 10 min; (c, d) 30 min; (e, f) 40 min; (g, h) 60 min 
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grains to undergo recrystallization, and most  
sub-grains remain. There is not enough driving 
force to form recrystallized grains. Therefore,   
the surface has a higher content of sub-grains.    
In the central region of the forgings, due to      
the higher deformation rate, a significant static 
recrystallization (SRX) phenomenon occurs earlier 
during the solution treatments, resulting in a higher 
number of recrystallized grains [11]. As shown in 
Fig. 4(a), a higher proportion of large grains and 
larger grain sizes are observed. When the solution 
time is 30 min, the aggregation of sub-grains  
occurs inside the coarse deformed grains on the 
surface, as shown in Figs. 3(c, d). These sub-grains 
continuously absorb energy and transform into   
the large-angle grain boundaries, forming the 
recrystallization nuclei [12]. These low-angle grain 
boundaries separate the larger deformed grains, 
leading to a decrease in average grain size and 
degree of grain refinement [13], and a significant 
increase in the number of recrystallized grains in 
the core zone. As shown in Fig. 4(b), the proportion 
of small grains increases, improving the 
microstructure uniformity of forgings. As the 

solution treatment time increases to 40 min, the 
accumulated strain energy inside the forgings is 
further released, but recrystallized grains begin to 
grow prematurely, as shown in Fig. 4(c). With a 
solution treatment for 60 min, the accumulated 
strain energy inside the forgings is fully released, 
and the trend grain size distribution is similar to that 
for 40 min. 

Figure 5 depicts the distribution of the 
misorientation angles for different solution 
treatments conditions after the SCPD process. In 
this study, only data with orientation angles higher 
than 2.5° were considered [14]. As shown in Fig. 5, 
the proportion of low-angle grain boundaries (fLAGBs) 
in the microstructure of the forging surface are 
higher than that in the core, indicating a higher 
proportion of sub-grains on the surface. In the 
SCPD experiment, the cumulative deformation   
of the forging surface is less than that of the    
core. During the subsequent solution treatments,  
the strain energy released on the surface is 
insufficient to support the formation of 
recrystallized grains, and most of the grains remain 
as sub-grains. 

 

 
Fig. 4 Histogram of grain size distribution of 7050 aluminum forgings after SCPD and solution treatment at 470 °C for 
different durations: (a) 10 min; (b) 30 min; (c) 40 min; (d) 60 min 
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Fig. 5 Misorientation angle distributions of 7050 aluminum forgings after SCPD and solution treatment at 470 °C for 
different durations: (a, b) 10 min; (c, d) 30 min; (e, f) 40 min; (g, h) 60 min 
 

At the solution treatment time of 10 min, the 
fLAGBs values in the surface and core of the forging 
are 82.9% and 73.1%, respectively. However, with 
an increase in solution treatment time to 30 min, the 

fLAGBs values in the surface and core decrease to 
39.0% and 15.0%, respectively. As the solution 
treatment time increases, the proportion of low- 
angle grain boundaries decreases, and the average 
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misorientation angle increases to 11.39° and 20.18°, 
indicating that the number of large-angle grain 
boundaries increases and the degree of 
recrystallization is enhanced. The distribution of 
low-angle and large-angle grain boundaries in the 
forging exhibits a bimodal pattern, and the 
transition from low-angle to large-angle grain 
boundaries is continuous, indicating that low-angle 
grain boundaries are gradually transformed into 
large-angle grain boundaries. At a solution 
treatment of 40 min, the fLAGBs values in the surface 
and core of the forging are 79.2% and 62.9%, 
respectively. As the stored strain energy is gradually 
released, static recrystallization (SRX) is gradually 
completed, and the distribution of low-angle and 
large-angle grain boundaries in the core of the 
forging becomes unimodal, with the majority of 
low-angle grain boundaries converting to large- 
angle grain boundaries. At a solution time of  
60 min, the fLAGBs values in the surface and core of 
the forging are 83.8% and 59.5%, respectively. 
Both the surface and core of the forging exhibit    
a unimodal distribution of low-angle and large-  
angle grain boundaries, indicating the complete 
conversion from low-angle to large-angle grain 
boundaries, and the grains begin to grow during 
recrystallization. 

Figure 6 illustrates the distribution of 
recrystallization and deformation zones in both the 
surface and core of forgings under different solution 
treatments. By comparing the recrystallization 
distribution of the forging, it can be observed that 
the proportion of the blue zone in the surface is 
lower than that in the core for different solution 
treatments, indicating that the degree of 
recrystallization in the surface is lower than    
that in the core. This difference is evidently  
related to the degree of deformation and stored 
deformation energy in both the surface and core  
of the forging [15]. 

With an increase in solution treatment time, 
the proportion of the red zone in the forging 
gradually decreases, indicating a reduction in the 
deformation zones and a significant increase in the 
recrystallization zones. Meanwhile, the proportion 
of the substructure zone in the yellow zone exhibits 
an initial increase followed by a subsequent 
decrease. During the early stage of solution 
treatments, numerous residual dislocations in the 
microstructure continuously transform into sub- 

grains through high-temperature thermal activation, 
serving as nucleation centers of recrystallization. 
These centers steadily increase in size through 
migration or coalescence mechanisms [16]. With 
the increase of solution treatment time, these 
recrystallization nucleation centers grow into   
new recrystallized grains, and some substructure 
zones also transform into recrystallized zones. 
Consequently, the proportion of substructure zones 
gradually decreases, while the proportion of 
recrystallized zones increases. 

According to the statistical analysis of EBSD 
data (Fig. 7), the proportion of recrystallized and 
sub-structured zones in the surface and core of 
aluminum forgings varies with solution treatment 
time. Specifically, with duration of 10 min, the total 
proportions of recrystallized and sub-structured 
zones in the surface and core of the forging are  
49.2% and 47.2%, respectively. Extending the 
duration to 30 min leads to an increase of the total 
proportion to 52.6% in the surface and 79.9%    
in the score. However, with a further increase    
to 40 min, the total proportion of recrystallized and 
sub-structured zones in the surface slightly rises to 
57.0%, while it decreases slightly to 73.6% in the 
core. Finally, with 60 min solution treatment, the 
proportions of recrystallized and sub-structured 
zones in the surface and core remain relatively 
stable at 57.4% and 74.7%, respectively. 

These results suggest that the energy stored 
from internal deformation in the aluminum forging 
is completely released after 40 min of solution 
treatments. Further increasing the duration of    
the solution treatment does not yield a significant 
improvement in the microstructure through internal 
recrystallization. The degree of recrystallization 
exhibits little change between 30 and 40 min. Based 
on the findings discussed above, it is concluded  
that the optimal solution treatment duration for 
enhancing the microstructure uniformity of the 
aluminum forgings is 30 min. 

 
3.3 Mechanism evolution of forgings 

Dislocation is a common type of line defects  
in deformable materials and represents an important 
form of energy stored [17,18]. The initial form of 
dislocations is primarily a mass of tangled 
dislocation lines. As the internal energy of the 
material is gradually released, the dislocation density 
decreases. During the process of polygonization, 
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Fig. 6 Distribution of recrystallization in aluminum forgings after SCPD and solution treatment at 470 °C for different 
durations: (a, b) 10 min; (c, d) 30 min; (e, f) 40 min; (g, h) 60 min 
 
the randomly entangled dislocations start to 
organize into hexagonal arrangements, forming the 
dislocation cells. Subsequently, the walls of the 
dislocation cells gradually thin out [19]. Finally, the 

dislocation cells merge and transform into sub- 
grains, which serve as nucleation sites for 
recrystallization. 

To further analyze the morphology of dislocations, 
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Fig. 7 Recrystallization degree of forgings after SCPD 
and different solution treatments 
 
TEM images of aluminum forgings obtained in 
SCPD experiments are shown in Fig. 8. It can be 
seen that there are many precipitates in the 
microstructure of the forgings. The second-phase 
particles of different sizes and shapes pin 
dislocations, preventing their climb and cross-  
slip [20]. This results in a higher concentration of 
dislocations and increased deformation stored- 
energy in the forgings. Moreover, upon examining 
the microstructure of the forging shown in Fig. 8, a 
notable presence of dislocations is observed. The 
majority of dislocations are intertangled, while 
some exhibit a tendency to form dislocation cells. 
Figure 8(b) highlights the existence of sub-grains  
in the core of the forgings. These sub-grains are 
featured by small size and unclear boundaries. A 
comparison of the TEM images of the surface and 
core reveals a slightly higher dislocation density in 
the core region. 

Figure 9 presents the TEM images illustrating 
the surface and core microstructures of the SCPD 
specimens subjected to different solution treatments. 
A comparison with the forgings in Fig. 8 reveals a 
notable decrease in both the number and size of the 
second-phase particles with increasing solution 
treatment duration. With 10 min solution treatment, 
a certain amount of second-phase particles remain 
in the microstructure, hindering the movement of 
dislocations and the migration of sub-grains and 
grain boundaries [21]. This results in elevated 
dislocation content in the forgings, as shown in 
Figs. 9(a, b). With a prolonged solution treatment to 
30 min, most second-phase particles re-dissolve 
into the matrix, and the remaining particles become 

significantly finer, weakening their hindering effect 
on dislocations and sub-grains boundaries, as 
shown in Figs. 9(c, d). Finally, when the solution 
treatment time is extended to 60 min, almost all the 
second-phase particles dissolve into the matrix, as 
shown in Figs. 9(e, f). 
 

 
Fig. 8 TEM images of aluminum forgings after SCPD:  
(a) Surface; (b) Core  
 

The dislocation morphology and density of 
forgings vary with different solution treatments. As 
shown in Fig. 9(a), when the solution treatment 
time is 10 min, the surface of the forgings displays 
a higher dislocation density. This is characterized 
by the fuzzy sub-grain boundaries containing 
longitudinal and transverse dislocation lines, rather 
than disordered and tangled dislocation lines. The 
dislocation morphology in the core of forgings is 
similar to that in the surface, as shown in Fig. 9(b). 
More sub-grains are generated in the core, with 
adjacent sub-grains merging and growing. At this 
point, the sub-grain boundaries are formed by 
several parallel dislocation lines, and clear 
dislocation lines begin to appear within the sub- 
grains. Additionally, adjacent sub-grain boundaries 
have not completely disappeared [22]. 
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Fig. 9 TEM images of aluminum forgings after SCPD and solution treatment at 470 °C for different durations:       
(a, b) 10 min; (c, d) 30 min; (e, f) 60 min 
 

When the solution treatment is prolonged to 
30 min, a significant reduction in dislocation 
density is observed, accompanied by the emergence 
of a large number of sub-grains. As shown in 
Fig. 9(c), these sub-grains are featured by larger 
sizes, and straighter and clearer boundaries [23]. 
However, dislocation lines remain within a small 

number of sub-grains. As shown in Fig. 9(d), the 
dislocation morphology of the core of the forgings 
is similar to that of the surface. The microstructure 
reveals a considerable presence of large-sized 
sub-grains, with their boundaries gradually 
transforming into large-angle grain boundaries [24]. 

With the extension of the solution treatment 
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time to 60 min, the dislocation morphology in both 
the surface and core of the forging is shown in 
Figs. 9(e, f). Almost all the deformation stored- 
energy in the forgings is released, resulting in     
a significant reduction in dislocation density. 
Meanwhile, there is a substantial increase in the 
number of sub-grains, which improves the 
recrystallization nucleation process, giving rise to 
the formation of new recrystallized grains [25]. 
Further extension of the solution treatment time  
can lead to continued growth in the size of 
recrystallized grains in the forgings, which is not 
conducive to achieving the overall homogeneity in 
the microstructure of aluminum forgings. 

In general, the TEM images shown in Fig. 9 
indicate that the solution treatment has a significant 
effect on the microstructure of the SCPD aluminum 
forgings. With an increase in the solution treatment 
time, both the number and size of the second-phase 
particles decrease, weakening their hindrance to 
dislocations and sub-grains boundaries. The 
dislocation morphology evolves from tangled 
dislocation lines to clear sub-grain boundaries. 
Meanwhile, the formation and growth of large 
sub-grains become apparent, and the nucleation 
process of recrystallization is completed, leading  
to the formation of new recrystallized grains. 
Therefore, the careful selection of solution 
treatments is crucial for effectively controlling the 
microstructure and properties of SCPD aluminum 
forgings. 

The X-ray diffraction technique was employed 
to obtain the diffraction pattern of forgings under 
different deformation conditions. Fourier analysis 
was then utilized to calculate the dislocation density 
values in both the surface and core of the forgings 
under different deformation conditions [26], as 
shown in Fig. 10. It is evident that SCPD increases 
the dislocation density in both the surface and cores 
of the forgings. Specifically, the dislocation density 
of the surface increases by about 8%, from 
1.13×1014 to 1.22×1014 m−2, while the dislocation 
density of the core increases by about 6%, from 
1.51×1014 to 1.6×1014 m−2. Therefore, the SCPD 
process elevates the overall deformation stored- 
energy within the aluminum forging, with the 
surface experiencing greater increase in deformation 
stored-energy. However, it is noteworthy that the 
highest overall deformation stored-energy remains 
in the core of the forgings. 

 

 
Fig. 10 X-ray diffraction patterns under different 
deformation conditions: (a) Core of forgings after SCPD; 
(b) Surface of forgings after SCPD; (c) Core of hot die 
forgings; (d) Surface of hot die forgings 
 
3.4 Mechanical performance  

A comparison of the stress−strain curves 
obtained from SCPD process and the hot die 
forging process, as shown in Figs. 11(a, b), reveals 
that during the initial stages of plastic deformation, 
the flow stress of the specimen experiences a rapid 
increase with rising strain. This surge is attributed 
to the multiplication and entanglement of 
dislocations induced by plastic deformation, 
impeding the motion of dislocations. The results 
suggest that the SCPD process significantly 
improves tensile strength. 

As shown in Figs. 11(a, b), the SCPD-treated 
forged specimen exhibits substantially increase in 
both the strength and plasticity in the T-direction, 
whereas there is a significant increase in strength 
and a reduction in plasticity in the S-direction. This 
suggests that SCPD improves the plasticity of the 
surface. The subsequent heat treatment induces 
static recrystallization (SRX) in the forgings, 
resulting in finer and more uniform grain sizes and 
ultimately achieving refinement and strengthening 
[27]. In the T-direction, the elongation of surface 
and core is increased from 7.12% and 6.13% to 
10.75% and 8.56%, respectively, while the tensile 
strength is decreased by 8.6% and 10.3%. In the 
S-direction, both the surface and core tensile 
strengths are significantly increased, while 
plasticity is decreased. The elongation is decreased 
from 11.59% and 11.72% to 10.21% and 9.78%, 
respectively, while the tensile strength is  
decreased by 7.2% and 11.9%. This is attributed to the 
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Fig. 11 Mechanical properties of specimens under 
different deformation conditions: (a) True stress−true 
strain curves of T-direction samples; (b) True stress−true 
strain curves of S-direction samples; (c) Tensile strength 
and elongation of samples 
 
excessively fine grain size at the sampling location 
in the S-direction, leading to higher yield strength 
than tensile strength, thus increasing the yielding- 
to-tensile ratio [28]. Figure 11(c) presents the 
results of the mechanical performance tests, 
revealing a maximum tensile strength with SCPD of 
616.25 MPa. By comparing the results of hot die 
forging with those of SCPD, it is evident that the 
SCPD process effectively enhances the mechanical 
performance of the forgings. 

 
4 Conclusions 
 

(1) The combination of SCPD and solution 
treatment at 470 °C for 30 min achieves a uniform 
average grain size in the surface and core of the 
forging, thus resulting in excellent microstructure 
uniformity. 

(2) The SCPD process changes the content and 
size of the precipitation phases inside the forging by 
regulating the dislocation density in the surface. 
The solution treatments release deformation stored- 
energy, thereby promoting static recrystallization 
(SRX) in the forging and refining the grain size   
in the surface to achieve uniformity regulation. 
Additionally, with the increase in solution treatment 
time, the number of sub-grains and recrystallized 
grains in the forging gradually increases. The 
recrystallization degree is lower in the surface than 
that in the core. 

(3) By SCPD and solution treatments, the 
tensile strength of the forgings increased by 7%− 
13%. The rib elongation is increased from 7.12% to 
10.75% for the surface and from 6.13% to 8.56% 
for the core. Excessive grain refinement and 
dislocation motion reduce the web elongation, from 
11.59% to 10.21% for the surface and from 11.72% 
to 9.78% for the core. More uniform mechanical 
properties of the forgings are achieved. 
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7050 铝合金锻件在表层增塑累积变形中的显微组织演变 
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摘  要：为了揭示表层增塑累积变形调控 7050 铝合金锻件显微组织均匀性的微观机理，采用金相显微镜、扫描

电镜、透射电子显微镜和 X 射线衍射仪等对不同固溶处理模锻件的显微组织进行研究。结果表明，在 470 ℃固溶

处理 30 min 可获得最均匀的显微组织。通过表层增塑累积变形工艺可以产生大量针状析出相，实现位错密度和

形变储能的累积，结合后续的固溶处理工艺，减轻第二相粒子的钉轧作用，使锻件发生静态再结晶，从而减小

晶粒尺寸。同时，力学性能测试结果表明，表层增塑累积变形处理的模锻件抗拉强度提高 7%~13%，伸长率也更

加均匀。 
关键词：显微组织均匀性；表层增塑累积变形；静态再结晶；位错密度 
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