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Abstract: The application of high-strength Al-Zn-Mg-Cu alloy is seriously limited because of its poor
formability. A novel electroshock treatment (EST) technique with low frequency combined with
tensile deformation was proposed to address the issues of low plasticity and poor formability of
Al-Zn-Mg-Cu alloy, which could revolutionize conventional plastic forming methods and realize
near-room temperature forming of complex components. Al-Zn-Mg-Cu alloy was examined in this
work to figure out how EST affects the tensile characteristics and dynamic recrystallization of the alloy
during tensile deformation. The findings demonstrate that when electroshock with a current density
of 30 A/mm? and a period of 5 s, the elongation of the alloy increased by 21.74%, and the fraction of
dynamic recrystallization increased by 77.56% compared to the sample without EST at a temperature
far below the recrystallization temperature. The electron back scatter diffraction (ESBD) results show
that after appropriate EST, the average grain size decreased from 40 um to 30 um, the distribution
of grain was more uniform, and the sample’s grain boundary angle generally increased, which is
more attractive to facilitate the nucleation and growth of dynamic recrystallization. Additionally,
transmission electron microscopy (TEM) results indicate that electroshock energy motivated the
migration of dislocations from the grain interior to near the grain boundaries, improving the ability
of Al-Zn-Mg-Cu alloy to dynamically recrystallize at near ambient temperature and enhancing
elongation.

Keywords: Al-Zn-Mg-Cu alloy; electroshock treatment; dynamic recrystallization; dislocation;
grain boundary

1. Introduction

Al-Zn-Mg-Cu alloys are frequently utilized in the aircraft, high-speed rail, and other
industries due to their excellent properties, such as high specific strength, low density,
and corrosion resistance [1]. However, issues that include coarse grains, extensive second
phases, and element segregation still exist in the traditional plastic deformation process,
which negatively impacts its formability and performance in service [2].

Electropulsing treatment is an advanced manufacturing technology developed in re-
cent years that can be applied to the fields of component strengthening, heat treatment, and
material deforming [3]. Electropulsing treatment can effectively enhance the mechanical
properties and microstructure of materials. Zhu et al. [4] performed electropulsing uniaxial
tensile testing on ZA22 alloy at ambient temperature to remove the Joule heat effect. The
findings demonstrated that the nonthermal effects caused the sample’s elongation to rise
by 43.7% after the electropulsing treatment. In addition, compared with the strength and
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elongation of AA6601 alloy under traditional heat treatment, Pan et al. [5] discovered that
cyclic pulse current could considerably improve these properties. The yield strengths and
elongations of the samples subjected to cyclic pulse current were 72.1% and 2.1% higher,
respectively. Wang et al. [6] investigated the effects of pulse current on the plastic defor-
mation of pre-deformed AZ31B Mg alloy. According to the findings, in comparison to the
sample without current pulse, the yield tensile strength ratio rose by 42%, and the fracture
strain and uniform strain of the sample treated with current pulse increased by 21.5% and
10%, respectively. Moreover, investigations have shown that, by mending metal flaws and
fractures, pulse current may enhance the mechanical characteristics of metals [7,8].

In the field of material microstructure, researchers have mainly concentrated on investi-
gating the mechanism of the effects of electropulsing treatment on material recrystallization,
dislocation, and grain size. After examining the AZ31 alloy’s microstructure development
under electropulsing treatment, Liu et al. [9] concluded that electropulsing treatment pro-
moted the alloy’s static recrystallization behavior. Park et al. [10] investigated the effects of
electric current on the static recrystallization kinetics of AZ31 alloy based on Vickers hard-
ness measurements and microstructure observations during electropulsing treatment. The
findings discovered that under the influence of electric current, nonthermal effects acceler-
ated the nucleation rate of material recrystallization, making the dynamic recrystallization
temperature of AZ31 alloy significantly lower. Moreover, by altering the dislocation slip
process of materials, pulse current can influence the deformation behavior and macroscopic
mechanical characteristics of materials [11,12]. Bumgardner et al. [13] discovered that the
influence of current reduced the energy barrier of dislocation movement, promoting the
dislocation pinning effect, increasing the number of mobile dislocations, and enhancing the
plastic formability of aluminum alloys. Kim et al. [14] discovered that under the influence
of current, the elongation of AA5052 alloy dramatically rose with a reduction in flow stress.
Liang et al. [15] proposed that current stress will result in high dislocation density in brass,
which will cause non-deformable crystallization. Compared with the brass that was sub-
jected to annealing, the grain size of the brass subjected to electric current refined by 75%,
and the microhardness enhanced by 28%. Furthermore, electron wind force [16,17] may
also be used to refine grains. Electron wind force will contribute to the growth of cellular
sub-grains, and the new grain boundaries that formed under electropulsing treatment
will eventually consolidate to facilitate grain refining prominently. In conclusion, several
researchers have conducted extensive studies in the area of electrically assisted deforma-
tion and have produced significant research findings. Unfortunately, there is currently
little research on the comprehensive effects of electric pulse treatment on the dynamic
recrystallization behavior of metal materials under plastic deformation, and the relevant
mechanism is unknown.

Electroshock treatment (EST), a novel electropulsing treatment process proposed by
our team, is characterized by adopting high energy density, low frequency, and instant
intermittent pulse current to achieve ultra-high performance without changing surface
quality and dimensional accuracy as much as possible. Song et al. [18] found that the
low-cycle fatigue life of TC11 titanium alloy increased by 22.5% by the appropriate EST,
resulting from microstructural evolution and nanoscale phase transformation. Liu et al. [19]
demonstrated that the grain boundary and texture of TC11 titanium alloy were definitely
influenced by EST. The results showed that the percentage of high-angle misorientation
grain boundaries (HAGBs) in the 3 phase increased from 3.74% before EST to 11.15%
after 0.04 s EST, and the proportion of HAGBs in the « phase increased from 23.16%
before EST to 76.61% after 0.06 s EST. Moreover, the texture distribution of the « phase
was uniform, with a maximum intensity of 5.47 after 0.06 s EST. Wu et al. [20] utilized
EST to significantly improve the ductility and fatigue life of Al-Zn-Mg-Cu alloy without
reducing its strength, and the reason could be attributed to the homogeneous distribution of
dislocations and dislocation increments, especially edge dislocation, due to the cross-slip of
screw dislocations induced by electron-dislocation scattering. The above research indicated
that the microstructure and mechanical properties of Al-Zn-Mg-Cu alloy varied after EST;
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however, the influence mechanism of EST on microstructure and mechanical properties is
still unclear, especially for dynamic recrystallization behavior at a low temperature rise.

In the present work, mechanical properties and microstructure evolution were investi-
gated using electroshock-assisted tensile testing. The influence of EST on microstructure
was explored using electron back scatter diffraction (EBSD) and transmission electron
microscopy (TEM), and the effect mechanism of EST on the recrystallization behavior of
Al-Zn-Mg-Cu alloy was revealed.

2. Materials and Methods
2.1. Materials

Al-Zn-Mg-Cu alloy in the T6 condition with a thickness of 1.5 mm was the material
utilized in this study. The chemical composition is listed in Table 1. A special sample, as
shown in Figure 1, was designed to facilitate clamping, and the samples were cut along the
rolling direction.

Table 1. Chemical composition of the Al-Zn-Mg-Cu alloy (W} %).

Composition Si Fe Cu Mn Mg Cr Zn Ti Al
Wi % 0.07 0.35 1.52 0.092 2.66 0.22 5.28 0.029 Bal
120
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Figure 1. Schematic illustration of sample dimensions for the EST process (mm).

2.2. Electroshock-Assisted Tensile Test

The specimen and insulator were installed on an electronic universal testing machine
(CMT5205-5305) with clamps, and the vertical extension of the electroshock tensile spec-
imen was linked to the copper electrode on the electroshock generator with bolts. The
pulsed power supply used in the test was produced by a self-developed electropulsing
generator. The generator applies an ultra-low-frequency electroshock load to the sample as
the electronic universal testing machine starts to apply tensile force, and a thermal camera
(Fotric 226) is used to synchronously monitor the temperature of the deformation area of
the sample. The electroshock-assisted tensile test process is shown in Figure 2.

In order to analyze the true stress—strain curve changes and the dynamic recrystal-
lization of Al-Zn-Mg-Cu alloy under electroshock-assisted tensile deformation, three sets
of electroshock-assisted tensile tests were set up, and the main parameters are shown in
Table 2. The strain rate of the three tests was 0.1 s~!. The electroshock generator produces
a DC square wave electropulsing with a pulse period of 1 s and a current density of 0
during the pulse interval to enable the heat produced by the electroshock to evaporate. The
electropulsing square wave is shown in Figure 3. It should be noted that the current used
in EST has the characteristics of an ultra-low-frequency unidirectional positive pulse and
very limited energy density, which minimizes the temperature rise and effectively weakens
the thermal effect by the current impact.
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Figure 2. Experimental procedure of the electroshock-assisted tensile test.

Table 2. Electroshock uniaxial tensile test parameters.

Sample Label Pulse Current (A/mm?) Pulse Period(s)
Non-EST 0 0
EST1 30 5
EST2 40 5
| T:Pulse Period
il 1s — — . -
E
Er
<
g
qg) -
o
£
e
3
®
g : g E T
IT 2T 3T 4T 5T 6T

Time (s)
Figure 3. Electropulsing square wave.

2.3. Microstructure Characterization

The deformed samples were sliced in a direction parallel to the tensile axis. After being
roughly ground with #220, 500, and 1200 sandpaper, the sliced samples were mechanically
polished with a 9 pum, 3 um, and 1 um diamond polisher and then polished with 0.05 um
510, oxide suspension. Finally, the microstructure morphology was observed using Quanta
FEG 450 scanning electron microscopy operated at 20 kV equipped with an EBSD system.
TEM samples were prepared through focused ion beam grinding (Helios Nanolab G3 UC,
Thermo Fisher, Waltham, MA, USA), and TEM observation was performed in the Talos
F200S STEM with an acceleration voltage of 200 kV.
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3. Results and Discussion
3.1. Analysis of Temperature and True Stress—Strain Curves

Figure 4 shows the temperature changes in the center of the EST2 sample during the
electroshock-assisted tensile process. It can be seen from Figure 4 that the temperature
change curve of the EST2 sample took on a zigzag pattern during the electroshock-assisted
tensile process. This is due to the fact that the temperature of the sample rose immediately
when the electroshock was applied, but the temperature of the air around the sample was
low at that time. This will drop the temperature of the sample as a result of heat emitting
into the surrounding atmosphere. Moreover, the heat produced by the electroshock will
accumulate as a consequence of the short pulse interval, which makes it difficult to entirely
dissipate. Hence, as shown in Figure 5b, the temperature in the center of the EST2 sample
rose to the greatest level of 85.6 °C in the final pulse current during the electroshock-
assisted tensile process. The temperature of the EST1 sample versus the time curve was
similar to the regulations of the EST2 sample. The greatest temperature of the EST1 sample
during the electroshock-assisted tensile process was 47.2 °C (Figure 5a). As can be seen, the
maximum temperature of the electroshock-assisted tensile sample was much lower than
the recrystallization temperature of Al-Zn-Mg-Cu alloy during the heat treatment process
(approximately 200 °C).
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Figure 4. The temperature of EST2 changes during EST.

Figure 5. Maximum temperatures during EST: (a) EST1 and (b) EST2.

Figure 6 displays the true stress—strain curves for each experiment in the electroshock-
assisted tensile test. Compared with the Non-EST sample, the true stress—strain curves of
the electroshock-assisted tensile samples took on a zigzag pattern. The rapid reduction in
stress of the electroshock sample was strongly correlated with the internal temperature of
the sample. When the electroshock was applied, the internal temperatures of the EST1 and
EST2 samples rose quickly, causing thermal expansion [21], which contributed to a rapid
reduction in stress. The stress of the sample will progressively rise as the heat dissipates
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during the short time interval of the EST, and the sample will enter the yield stage and
complete a stress drop-rise cycle until it breaks.
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600 |
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Figure 6. True stress—strain curves under different parameters [22].

The electroshock-assisted tensile test revealed that the elongations of the three samples
were 10.95%, 13.33%, and 10.67%. The elongation of the EST1 sample increased by 21.74%,
and the fraction of dynamic recrystallization content increased by 77.56%, which was in
contrast to the Non-EST sample. Thus, appropriate EST can increase the plastic formability
of material.

3.2. Effect of EST on Dynamic Recrystallization

Figure 7 displays the grain orientation spread (GOS) diagram of Al-Zn-Mg-Cu alloy
under Non-EST and EST1. The GOSs of typical dynamic recrystallized grains are generally
less than 1° [23]. It can be seen from Figure 7 that the dynamic recrystallization percentage
of the Non-EST sample was 15.6%, while the dynamic recrystallization percentage of
the EST1 sample was 27.7%, with an increase rate of 77.56%. The results indicate that
recrystallization behavior may be considerably promoted by using proper EST parameters.

A T A = NP s gty PoX
Partition P N WL, Total Partition
Min Max Fraction Fraction Wil v > Min Max Fraction Fraction

VU @0 1 0156 0156 Saf7R e 0277 0277
1 10 0844 o0sas N - R 0723 0723

Figure 7. GOS diagram of Al-Zn-Mg-Cu alloy: (a) Non-EST and (b) EST1.
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Figure 8 shows the inverse pole figure (IPF) and grain size distribution histogram
of the Non-EST and EST1 samples. The red area symbolizes the orientation of (001), the
green represents the orientation of (101), and the blue grains represent the orientation of
(111). As can be observed in Figure 8a,b, the EST1 and Non-EST samples have noticeable
variations in grain shape and orientation. The Non-EST sample has an uneven distribution
of grain sizes, with many grains that are excessively large, while the EST1 sample has fine,
evenly dispersed grains, and many equiaxed, recrystallized grains of moderate size can
be observed. In addition, the statistics indicate that the average grain size of the Non-EST
sample was 40 um, and the distribution of grain size had a rather broad range, with some
grain sizes exceeding 100 um. In the case of EST1, the average grain size shrank to 30 pm,
and the distribution of grain size was more uniform. The number of small-size grains
increased significantly, while the number of large-size grains decreased significantly, and
the maximum grain size was less than 100 pm. This suggests that electroshock can facilitate
recrystallization. Under proper EST parameters, the role of electricity acts as a strong
driving force for the nucleation and growth of recrystallization, resulting in the production
of more small recrystallization grains. On the one hand, Joule heat is produced by the
ferocious collisions of atoms and electrons in the material, which boosts atom mobility.
On the other hand, the directional movement of free electrons improves the nucleation of
recrystallization by enhancing the mobility and recovery of dislocations [22].

Average:40 pm ' Average:30 pm
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Figure 8. Inverse pole figure (IPF) and grain size distribution histogram of Al-Zn-Mg-Cu alloy under
different deformation conditions: (a,c) Non-EST and (b,d) EST1.

Figure 9 displays the grain boundary and misorientation distribution of the Non-EST
and EST1 samples. The grain boundaries with an angle of 2°-5° are shown by the red lines,
and the grain boundaries with an angle of 5°-15° are represented by the green lines. Both
are collectively referred to as small-angle grain boundaries. The blue lines represent grain
boundaries with high angles ranging from 15°~180°. It can be observed in Figure 9 that
the small-angle grain boundaries of the Non-EST sample mainly exist inside the grains.
The reason is that aluminum alloy is a high-fault energy metal, and the dislocation density
inside the grains will constantly accumulate and form a dislocation wall during deforma-
tion. When the degree of material deformation increases, the dislocation wall transforms
into small-angle grain boundaries, which are also called sub-grain boundaries [24]. The
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abundance of these sub-grain boundaries inside the grains suggests that dynamic recovery
is the primary deformation process of Al-Zn-Mg-Cu alloy. The small-angle grain bound-
aries of the EST1 sample were mostly found near the grain boundaries, particularly at
the triangular boundaries, which suggests that the nucleation of recrystallization occurs
mostly at the grain boundaries during electroshock-assisted deformation. Additionally, the
percentage of small-angle grain boundaries in the electroshock-assisted tensile specimen
(35.6%) was lower than that of the Non-EST sample (40.3%), showing that the overall grain
boundary angle of the EST1 sample was larger, which is more favorable to the nucleation
and growth of recrystallization. As a result, the grain morphology of the EST1 sample was
finer and more uniform.

(@ ’ (b)

Boundaries: Rotation Angle 3 Boundaries: Rotation Angle
Min Max Fraction Number Length Min Max Fraction Number Length
— B} 0403 71208  12.33cm — 5 0.356 63892 11.07cm
600 um & 18 007 1482 234em 600 um : & 15 0102 18261 316cm
I
- 15" 180" 0.521 92088 1595¢m - 15" 180* 0.542 97299 1685cm

Figure 9. Grain boundary and misorientation distribution of Al-Zn-Mg-Cu alloy: (a) Non-EST and
(b) EST1.

In order to investigate the effects of EST on texture, the orientation distribution func-
tions (ODFs) of the Non-EST and EST1 samples were analyzed.

Figure 10 shows the ODF maps and standard texture components of the Non-EST and
EST1 samples. Three sections of ¢ = 0°, ¢ =45°, and ¢ = 65° were selected for analysis.
The three major textures in the Non-EST sample were the Cubic texture {100}<001>, the
Goss texture {011}<100>, and the Brass texture {110}<112>. Moreover, there were slight
quantities of the Cu texture {112}<111> and S texture {123}<634>. However, the Cubic
texture {100}<001> remained basically unchanged, while the Goss texture {011}<100>
increased, and the Cu texture {112}<111>, Brass texture {110}<112>, and S texture {123}<634>
decreased under EST. This indicates that under the influence of electroshock, the increase
and recombination of dislocations in the EST1 sample attained a dynamic equilibrium, and
the dynamic recrystallization was strengthened under the effects of electroshock.
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Figure 10. ODF maps of (a) Non-EST and (b) EST1; (c) schematic illustration of the standard.

3.3. High-Strength Aluminum Alloy Dynamic Recrystallization Mechanism via EST

Kravchenko [25], Klimov [26], and Roschupkin [27] initially provided theoretical
formulas for the electron wind force acting on a unit dislocation in associated studies on
the effects of electroshocks on dislocations. These formulas can be expressed, respectively,
as follows:

f 3bA°
7 a 8€Efg1: (1)
f m*bgp
T3 ) 2
f_2h
=3 ©

where f/] is the electron wind force on a unit dislocation; | is the current density; A is the
constant of the deformation potential; ¢ is the elementary charge; b is Burger’s vector; Ef is
the Fermi energy; gr is the Fermi velocity; & is the Planck constant; and m* is the effective
mass. From Equations (1)—(3), it can be seen that in the electroshock-assisted deformation
process, the magnitude of the electron wind force is proportional to the current density
of the electroshock. The higher the current density, the greater the influence of electron
wind force on dislocations. Uneven Joule heat effects occur at defects, such as dislocation
entanglements and lattice distortions, within a deformed alloy when electroshock is applied.
High thermal compressive stress is produced instantly in these defects due to the high
resistivity of these defects, which causes vacancies and dislocations to migrate rapidly to
stimulate the nucleation and growth of recrystallization.

The stable nucleation of dynamic recrystallization must simultaneously satisfy the crit-
ical driving force and critical grain nucleation size for recrystallization in the electroshock-
assisted deformation process. The nucleation and growth of recrystallization occurs only
when these two requirements are fulfilled. During EST, the instantaneous high energy
generated by the electroshock causes dislocation and vacancy to move at a high speed,
which in turn accelerates the migration of the low-angle and high-angle grain boundaries.
Then, the nucleation rate of dynamic recrystallization increases, and the growth rate of
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recrystallization grains slows down. Thermal and nonthermal effects during EST provide a
driving force to promote recrystallization, which combines with the critical grain nucleation
size, R, to impact the dynamic recrystallization of materials. The critical grain nucleation
size R; can be calculated according to the following equation [22]:

R = 27/(P + AP) )

where 7 is the grain boundary energy; P is the driving force in the dynamic recrystallization
process; and AP is the additional recrystallization driving force generated by electrical and
thermal energy during the electroshock.

The nucleation rate N caused by the migration of grain boundaries can be expressed
as [22]:

N = (il—lj = 1.5KMt(1/R,—1/Rs) (5)

where Rs is the pre-existing grain size; T is the energy of per-unit dislocation; and K is a
constant. Equation (5) shows that during EST, as the additional driving force increases, the
critical grain nucleation size for forming stable recrystallized grain nuclei decreases. As a
result, the nucleation rate of recrystallization increases after EST. Grain growth includes
the growth of recrystallized and original grains. Under the composite influence of the
electric-thermal-mechanical energy field, the initial grains continue to expand, while the
growth rate of dynamic recrystallization during EST is actually lower than it is during
heat treatment [28]. From this viewpoint, electroshock will, under certain electroshock
parameters, inhibit the growth of recrystallized grain nuclei, and this inhibition is strongly
connected to current density. The process of the growth of recrystallization grains can be
regarded as the migration process of grain boundaries, which is simply the directional
movement of atoms on both sides of the grain boundary under the influence of driving
forces. The process of recrystallization continues to consume storage energy that is gener-
ated by the accumulation of a significant amount of dislocations inside the grains during the
process of electroshock-assisted deformation. Consequently, the dislocation density in the
recrystallized area will decrease, and there will be a storage energy difference between the
original grains and the recrystallized grains, which serves as a driving force for the growth
of recrystallized grains. The growth rate of recrystallized grain nuclei can be calculated
according to the following equation [29]:

G = %\/ E2 — CAB?J[KeQ(ds — do)] + SNypeZiIn(do /dy) 6)
0

where Gy is the initial growth rate of the grain nucleus; Ey is the initial storage energy; d; is
the grain diameter after growth; dj is the initial grain diameter; C is the positive coefficient;
A is the grain boundary diffusion coefficient; eZb* is the effective charge of metal ions at
the grain boundary; p is the resistance; (2 is the atomic volume; N}, is the atomic density at
grain boundary; and ] is the current density.

Equation (6) shows that the growth rate of recrystallized grains is lower than that
of grains without EST. Furthermore, the growth rate of grains decreases with increasing
current density J, which indicates that a large pulse current will inhibit the growth of
recrystallized grains. Consequently, under certain conditions, electroshock may restrict
the growth of recrystallized grain nuclei, and this inhibition has a positive relationship
with current density. In addition, due to the low deformation temperature during EST,
the energy produced by the immediate electroshock is the primary driving force for the
formation of recrystallization, resulting in relatively tiny grains.

In order to further explore the mechanism of the effects of dislocations on the dynamic
recrystallization of materials, the TEM morphologies of the Non-EST and EST1 samples
were observed. Due to the fact that the majority of the dislocations were pinned by
precipitation, the free ends of the dislocations rotated around these particles until the
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dislocation lines were parallel to the direction of current, at which time the dislocations
received the smallest electron wind force [30].

Figure 11 displays bright-field TEM images of the Non-EST and EST1 samples along
the zone axis of [110]. It is obvious that the dislocations of the EST1 sample mainly gather
at the grain boundaries, while a significant percentage of the dislocations of the non-EST
sample gather inside the grains. This phenomenon might be caused by the fact that EST
causes a significant decrease in the number and size of precipitates in Al-Zn-Mg-Cu alloy
and weakens the pinning effect of dislocation. This makes it easier for dislocations to
drift integrally under the influence of electron wind force, which causes dislocations to
aggregate toward grain boundaries.

Figure 11. Bright-field TEM images along the zone axis of [110] of (a) the non-EST sample and (b) the
EST1 sample.

To verify the above conclusions, high-resolution TEM (HRTEM) characterization was
performed on the grain boundaries of the Non-EST and EST1 samples. Figure 12a shows
the TEM image of the Non-EST sample, Figure 12b shows the HRTEM image of the grain
boundaries enlarged on the yellow rectangular frame in Figure 12a, and Figure 12¢ indicates
the inverse fast Fourier transformation (IFFT) of Figure 12b. The findings demonstrate
that there is no appreciable dislocation aggregation at the grain boundary of the Non-EST
sample. As shown in Figure 13, HRTEM and IFFT were carried out on the grain boundaries
of four separate locations of the EST1 sample. The results indicate that there were many
dislocations at the grain boundaries in the four distinct areas. It was demonstrated that
during electroshock-assisted deformation, the electron wind force promoted the movement
of dislocations, resulting in the concentration of recrystallization energy, which then makes
it more likely for the nucleation of recrystallization to occur at low temperatures. In
addition, the fewer dislocations in recrystallized grains suggests that a significant amount
of deformation storage energy is consumed during recrystallization growth, leading to a
decrease in the dislocation density of the grain, which makes it easier for dislocations to
reserve at grain boundaries.

Figure 12. (a) TEM image of the non-EST sample; (b) HRTEM image of the grain boundaries enlarged
at the yellow rectangular frame in (a); (c) IFFT of (b).
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Figure 13. HRTEM images of the grain boundaries of the EST1 sample at four locations: (a) location 1,
(b) location 2, (c) location 3, and (d) location 4.

In order to more intuitively present how EST affects the recrystallization behavior
of Al-Zn-Mg-Cu alloy, a schematic diagram of the microscopic mechanism is depicted
in Figure 14. Dislocations were mostly observed inside the grains for materials without
EST after deformation. Aluminum alloy, a high-fault energy metal, has a limited ability to
undergo dynamic recrystallization. When EST is applied during the process of deformation,
dislocations move from the grain interior to near the grain boundaries under the influence
of electron wind force (Figures 11-13). These dislocations can act as nucleation points
for recrystallization in the subsequent EST. Due to the effects of EST, the critical grain
nucleation size for recrystallization decreases, while the driving force for recrystallization
increases (Equation (4)). Therefore, the potential for dynamic recrystallization can be
increased. Furthermore, the growth rate of dynamic recrystallization can be decreased due
to the effects of EST energy (Equation (5)); meanwhile, the EST action time is very short. As
a result, fine recrystallized grains are formed (Figure 7).

EST
Recrystallization nucleus . Recrystallized grains|
(/
Migration of Nucleation of Growth of Refinement of
dislocations recrystallization recrystallization grains
During EST After EST

Figure 14. Schematic diagram of the mechanism of EST promoting recrystallization.

4. Conclusions

The effects of various EST parameters on the microstructure and mechanical properties
of Al-Zn-Mg-Cu high-strength aluminum alloy during plastic deformation were studied in
this study. Moreover, the underlying effect mechanism of EST on the dynamic recrystal-
lization behavior of Al-Zn-Mg-Cu high-strength aluminum alloy was also revealed. The
following are the primary conclusions:
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(1) The flow stress of Al-Zn-Mg-Cu alloy is greatly decreased by the effects of EST,
which improves the elongation of the material. The findings demonstrate that when
electroshocked with a current density of 30 A/mm? and a period of 5 s, the elongation
of the sample increased by 21.74%, and the percentage of dynamic recrystallization
increased by 77.56% compared to the sample without EST.

(2) After appropriate EST, the average grain size reduced from 40 pm to 30 um, and the
distribution of grain size became more uniform. The electron wind force produced by
the electroshock drove the transformation of grain orientation, causing small-angle
grain boundaries to gather on the grain boundaries, resulting in a finer and more
uniform grain morphology. The total grain boundary angle will be larger, which is
more favorable to the nucleation and growth of recrystallization.

(3) Under the influence of electroshock, electron wind force promotes the movement of
dislocations in Al-Zn-Mg-Cu alloy, causing the dislocations to become more concen-
trated at the grain boundaries, improving the ability to recrystallize at near ambient
temperature, and enhancing the elongation of the alloy.
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