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Abstract: X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS),
electron backscatter diffraction (EBSD), and transmission electron microscopy (TEM) were used to systematically
investigate the impact of rapid cold stamping on microstructural evolution and mechanical properties of spray-formed
Al-Zn—Mg—Cu alloys under ambient conditions. The results reveal that the dislocation density increases with
successive cold stamping passes, the volume fraction of the secondary phase (Mg(Zn,Cu,Al);) increases from 15.64%
to 23.94%, and the average size decreases from 1.41 to 0.75 pm. The pinning effect of the secondary phases on
dislocations promotes a significant transformation from low-angle grain boundaries to high-angle grain boundaries,
resulting in the average grain size decreasing from 5.75 to 0.97 um. The strength and hardness of the samples increase
with successive cold stamping passes, which is attributed to the synergistic effects of dislocation strengthening, grain

boundary strengthening, and secondary phase strengthening.
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1 Introduction

The Al-Zn—Mg—Cu alloy, known for its low
density, high specific strength, superior plasticity,
and outstanding corrosion resistance, has emerged
as a key structural material in the aerospace
sector [1-3]. Severe plastic deformation (SPD) is
recognized as a highly effective technique for
enhancing the microstructure and mechanical
properties of this alloy, attracting considerable
global research interest [4,5]. CHUNG et al [6]
investigated the AI-Zn—Mg—Cu alloy via upsetting-
extrusion (UE), demonstrating that this method
notably reduces the size disparity between fine and
coarse grains in the bimodal structure of the alloy,
while also inducing a pronounced copper/ cubic
texture. DUCHAUSSOY et al [7] observed that the
Al;CuyFe intermetallic particles in the alloy fractured

after 10 passes of high-pressure torsion at ambient
temperature. HIDALGO-MANRIQUE et al [8]
applied accumulative roll-bonding to 7075 aluminum
alloy and found that increasing the rolling strain or
number of passes substantially reduced the average
grain size from 457 to 363 nm. YANG et al [9]
investigated the effects of varying degrees of hot
rolling deformation on the Al-Zn—Mg—Cu alloy.
Their results revealed that as deformation increased,
LAGBs transformed into HAGBs, and equiaxed
grains with low dislocation density evolved into
fibrous structures with high dislocation density.
ZHAO et al [10] studied the influence of
multidirectional forging effects on the microstructural
evolution of a high-density precipitate Al-Zn—
Mg—Cu alloy. Their results demonstrated that
dislocations were effectively pinned by precipitates
during deformation, leading to substantial grain
refinement at temperatures of 300 and 350 °C.
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Rapid cold stamping, a severe plastic
deformation technique, is gaining recognition for its
advantages, including low deformation temperature
(25 °C), substantial strain, and high strain rate.
ZHANG et al [11] investigated the relationship
between microstructure and high-impact resistance
in Al-0.7Sc alloy under high-speed impacts. ZHOU
et al [12] examined the role of precipitated phases
in the dynamic impact toughness of Al—Cu alloys,
revealing that the nano 6" and 6’ phases notably
enhance impact toughness by strengthening the
o-Al matrix. LU et al [13] simulated the hot
stamping process for the Al-Zn—Mg—Cu alloy at
elevated temperatures to examine its effects
on microstructural evolution and mechanical
properties.

Previous studies [14] studied the impact of
rapid cold stamping on the microstructural
evolution of spray-formed Al-Cu—Mg alloys. A
pronounced reduction in grain and precipitate sizes
was observed with an increasing number of
deformation passes, accompanied by substantial
enhancement in dislocation density and mechanical
properties. However, research on the effects of
rapid cold stamping on the microstructure of
spray-formed Al-Zn—Mg—Cu alloys is limited.
Building on this foundation, the present study
investigated the influence of rapid cold stamping on
the microstructure of spray-formed Al-Zn—Mg—Cu
alloys at ambient temperatures. This study explored
the evolution of the secondary phase, grain and
grain boundaries, dislocation density, and texture.
Moreover, the study elucidated the mechanisms
underlying grain refinement and the increase in
hardness under rapid cold stamping conditions,
providing a theoretical basis for enhancing the
comprehensive  performance of spray-formed
Al-Zn—Mg—Cu alloys.

2 Experimental

The spray-formed rapidly solidified Al-Zn—
Mg—Cu alloy cylindrical billet was prepared using a
self-developed SD380 large-scale spray forming
equipment. The chemical composition of the alloy
is presented by a FOUNDRY-MASTER Smart
direct reading spectrometer, as shown in Table 1.
The cylindrical billet was initially extruded into a
d23 mm round bar on a 1250 t extrusion press. The
extrusion was performed at a temperature of 450 °C

with an extrusion ratio of 15:1. Subsequently, the
round bar was cut into cylinders with dimensions of
d23 mm x 42 mm using a wire cutting machine.
These cylinders were then annealed in a muffle
furnace at 450 °C for 0.5h and allowed to cool
inside the furnace. Finally, the cylinders were
placed in a custom-designed stamping mold and
subjected to three cycles of rapid cold stamping to
fabricate aluminum alloy cartridges. After each
stamping pass, the cylinders were returned to the
muffle furnace for additional annealing. A
schematic of the rapid cold stamping process is
shown in Fig. 1.

Table 1 Composition of alloy (wt.%)
Zn Mg Cu Zr Fe Al
6.54 1.96 2.53 0.113 <0.1 Bal.

Samples were selected from the wall of the
cylinder formed through extrusion, annealing, and
rapid cold stamping for microstructural observation
and hardness testing. The microstructure and
dislocation distribution of these samples were
analyzed using a FEI Tecnai F30 transmission
electron microscope (TEM). TEM samples were
prepared using a Fischione 1051 ion milling
machine, employing a multistage ion beam energy
and milling angle adjustment method. In the first
stage, the ion beam energy was set to be 5 kV with
a milling angle of 8°, and the milling time was
60 min. In the second stage, the ion beam energy
was reduced to 4 kV, the milling angle was adjusted
to be 7°, and the milling time was set to be 10 min.
The final stage involved an ion beam energy of
2.5kV, a milling angle of 6°, and a duration of
30 min. A liquid nitrogen cooling stage was utilized
throughout the preparation process to minimize
thermal damage to the sample. A vacuum transfer
device was then used to isolate the sample from
water and oxygen exposure.

Phase analysis of the samples was performed
using a D/max2500 18 kW rotating target X-ray
diffractometer, with a scanning speed of 10 (°)/min.
The size and volume fraction of the secondary
phase were observed using a SEM—5000. The grain
morphology, texture, grain boundaries, and kernel
average misorientation (KAM) were characterized
by an electron backscatter diffraction (EBSD) probe.
The observed samples were taken perpendicular
to the extrusion and cold forging directions. The
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Fig. 1 Schematic diagram of rapid cold stamping sample

hardness of the samples was measured using a
Leica Vickers hardness tester, with a load of 500 g
applied for 5s, and the average value was taken
from 10 measurements per sample. Tensile properties
were evaluated using an Instron 3369 universal
testing machine at a tensile rate of 2 mm/min. Three
replicates were prepared for each sample, and the
average value was used as the final test result.

3 Results

3.1 Microstructural evolution
3.1.1 Secondary phases

The X-ray diffraction (XRD) patterns of the
Al-Zn—Mg—Cu alloy in its extruded, annealed, and
various rapid cold stamping states are shown
in Fig. 2. The patterns reveal diffraction peaks
corresponding to the aluminum matrix, along with
faint peaks attributed to the MgZn, phase in the
extruded samples. After annealing, the diffraction
peak of the aluminum matrix is further intensified,
while the peak for the MgZn, phase shows minimal
change. Following rapid cold stamping, the
diffraction peak for the MgZn, phase becomes more
prominent, with its relative intensity increasing as
the number of stamping passes rises. The enhanced
diffraction peaks of the MgZn, phase in samples
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Fig. 2 XRD patterns of Al-Zn—Mg—Cu alloy before and
after rapid cold stamping deformation

subjected to multiple cold stamping passes indicate
dynamic precipitation during the SPD process,
which is consistent with the findings of SHEN
et al [15].

Figure 3 shows the evolution of the secondary
phases in the alloy after extrusion, annealing, and
various rapid cold stamping deformations. As
shown in Fig. 3(a), the extruded alloy contains large
secondary-phase particles (1.5 um) as well as
smaller ones (0.2 um). Figures 3(c—e) show that the
secondary-phase particles become fragmented and
refined, achieving a more uniform distribution. The
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Fig. 3 SEM images of Al-Zn—Mg—Cu alloy after rapid cold stamping in different states and passes: (a) Extruded;
(b) Annealed; (c) 1 pass; (d) 2 passes; (¢) 3 passes; (f) EDS results corresponding to (a); (g) Statistical diagram of
secondary phase size; (h) Statistical diagram of volume fraction

energy dispersive spectroscopy (EDS) results
presented in Fig. 3(f) indicate that the large
secondary-phase particles are identified as the
Mg(Zn,Cu,Al), phase, which is consistent with the
XRD results and the findings of LI et al [16].
Figure 3(g) quantifies the secondary-phase particle
sizes under various conditions, recording sizes of
0.85, 1.41, 1.02, 0.79, and 0.75 pm, while Fig. 3(h)
shows the secondary-phase volume fractions of the
alloy at 15.64%, 14.49%, 20.61%, 21.06%, and
23.94%, respectively. The results show that the
reduction in average size of the secondary phase
and the increase in volume fraction with the rise of
cold stamping passes can be attributed to the
increasing degree of plastic deformation.
3.1.2 Grains

The EBSD maps of the alloy after extrusion
and annealing are shown in Fig. 4, where the scan
step size is 0.4. As shown in Fig. 4, the grains are

predominantly elongated, with a few equiaxed
grains observed in the extruded and annealed states.
The average grain size of the alloy increases from
5.41 to 5.75 pm after annealing.

Figure 5 illustrates the EBSD images of the
Al-Zn—Mg—Cu alloy after multiple passes of rapid
cold stamping deformation, with a scan step size
of 0.09 um. Figures 5(a, c, €) show different color
contrasts, which correspond to distinct grain
orientations. In Fig. 5(a), notable alterations in
grain morphology and size are observed after 1 pass
of rapid cold stamping. The elongated grains
from the extruded and annealed states transform
into equiaxed grains, with a prominent orientation
along (001) and (111). As illustrated in Figs. 5(c)
and (e), the grains are refined after the second and
third passes of rapid cold stamping, respectively,
and the grain orientations are also changed.
Figures 5(b, d, f) illustrate the reduction in average
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Fig. 5 EBSD images (a, c, e), and grain size distribution diagrams (b, d, f) of AlI-Zn—Mg—Cu alloy after rapid cold
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grain size across various stamping passes, with the
grain size decreasing from 1.32 to 0.97 pm. This
reduction highlights the correlation between the
number of cold stamping passes and the progressive
refinement of the alloy’s grain size.
3.1.3 Grain boundary and dislocations

Figure 6 shows the grain boundary distribution
of the AlI-Zn—Mg—Cu alloy after varying passes of
rapid cold stamping deformation. Back lines
indicate LAGBs, whereas green lines indicate
HAGB:sS. In Fig. 6(a), LAGBs comprise the majority
of the grain boundaries, accounting for 74.5% of
the alloy after 1 pass of cold stamping, while
HAGBs constitute only 25.5%. In Fig. 6(b), after
2 passes of cold stamping, LAGBs account for
69.2% of the grain boundaries, while HAGBs
increase to 30.8%. In Fig. 6(c), HAGBs further
increase to 44.2% after 3 passes of cold stamping.

haces: 44.2%§

Fig. 6 Grain boundary distribution of Al-Zn—Mg—Cu
alloy after rapid cold stamping: (a) 1 pass; (b) 2 passes;
(c) 3 passes

In the field of materials science, understanding
the correlation between deformation and dislocation
density is crucial for explaining material behavior
under stress. The KAM quantifies the average
misorientation between a given point and its
neighboring points, serving as an effective measure
of the extent of deformation within a grain [17].
Figure 7 presents the KAM maps and distribution
histograms of the Al-Zn—Mg—Cu alloy after rapid
cold stamping. As depicted in Fig. 7(a), a KAM
value of 0.41° after extrusion indicates a relatively
low dislocation density. After annealing, Fig. 7(b)
shows a further decrease in dislocation density
to 0.35°. Figures 7(c—e) display KAM maps for the
samples subjected to rapid cold stamping,
illustrating an increase in green areas at coarse grain
boundaries and within the grains, while fine grains
predominantly exhibit blue interiors. This color
distribution indicates a heightened concentration of
dislocations at grain boundaries and within large
grains [9]. After 1 pass of rapid cold stamping, the
average KAM value rises to 0.48°, and after 3
passes, the average KAM further increases to 0.58°.

Figures 6 and 7 demonstrate that substantial
dislocation formation occurs during the rapid cold
stamping process, leading to the development of
dislocation tangles within specific regions of the
grains. These tangles facilitate the formation of
numerous LAGBs. Additionally, as the number of
cold stamping passes increases, some LAGBs
gradually transform into HAGBs, contributing to
the formation of ultrafine grains.

Figures 8(a—c) show the TEM images of the
Al-Zn—Mg—Cu alloy after multiple rapid cold
stamping passes. These images clearly illustrate that
dislocation density increases within the alloy as the
number of rapid cold stamping passes increases.
Figure 8(d) reveals the selected area -electron
diffraction pattern corresponding to Fig. 8(a),
captured with the electron beam being directed
along the (110) crystallographic direction of the
matrix. This pattern displays two distinct types
of diffraction spots, identified as the 7' phase
and AlZr. Dislocations typically experience a
dynamic process of accumulation and annihilation
during deformation [18], as illustrated in Fig. 8(c).
Precipitates effectively pin the movement of
dislocations and hinder the migration of sub-grain
boundaries. In alloys such as aluminum, which has
high stacking fault energy, dislocations generated
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Fig. 7 KAM maps and distribution histograms of Al-Zn—Mg—Cu alloy after rapid cold stamping: (a) Extruded;

(b) Annealed; (c) 1 pass; (d) 2 passes; (e) 3 passes

during thermal deformation are progressively
absorbed by sub-grain boundaries [19]. Thus,
LAGBs are converted into HAGBs, leading to the
formation of fine grains. During the deformation of
the Al-Zn—Mg—Cu alloy, numerous LAGBs and
several isolated HAGBs emerge within the
deformed grains, consistent with the findings
presented in Fig. 6, which have been proven by
many researchers through EBSD [20,21,22]. As
LAGBs absorb an increasing numbers of
dislocations and transition into HAGBs with
additional deformation passes, the proportion of
LAGBs gradually decreases, whereas that of
HAGBs correspondingly rises. This transition is
primarily attributed to the role of precipitates in
hindering the migration of sub-grain boundaries,
which facilitates the conversion of LAGBs to

HAGB:s, as depicted in Fig. 8(c).

3.2 Mechanical properties

Figure 9 shows the variations in mechanical
properties of the Al-Zn—Mg—Cu alloy under
different conditions and subsequent to various cold
stamping passes, with corresponding values listed
in Table 2. The ultimate tensile strength (UTS) of
the extruded alloy is measured at 379.2 MPa,
accompanied by an elongation (EL) of 15.21% and
a hardness of HV 130.33. After annealing, the UTS
and hardness decrease to 305.6 MPa and HV 78.74,
respectively, while the elongation increases to 23.47%.
Further cold stamping passes lead to notable
improvement in the alloy’s strength and hardness.
After 3 passes of rapid cold stamping, the UTS and
hardness increase to 518.3 MPa and HV 124.96,
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Fig. 9 Changes in mechanical properties of Al-Zn—
Mg—Cu alloy after rapid cold stamping in different states
and passes

respectively, showing improvements of 70% and
114%, respectively, compared with the annealed
condition. The EL following 1 to 3 passes of rapid
cold stamping were 16.62%, 17.83%, and 17.25%,
respectively, with minimal changes observed in
the EL. The enhancement in alloy strength after
deformation is mainly attributed to grain refinement,
elevated dislocation density, and impeding effects
of precipitated phases.

Table 2 Mechanical properties of Al-Zn—Mg—Cu alloy
after rapid cold stamping in different states and passes

Sample ~ UTS/MPa  EL/% har(\l;ig‘:gw)
Extruded 379.2 15.21 130.33
Annealed 305.6 23.47 78.74

1 pass 410.7 16.62 98.55

2 passes 4753 17.83 117.43

3 passes 518.3 17.25 124.96

4 Discussion

4.1 Effect of rapid cold stamping on grain

refinement

Detailed analyses utilizing XRD, SEM, EBSD,
and TEM have elucidated the mechanisms
underlying grain refinement in the Al-Zn—-Mg—Cu
alloy during rapid cold stamping deformation. After
extrusion, the alloy exhibits a refined grain size and
a notable increase in dislocation density [23].
Following successive passes of rapid cold stamping
deformation, the dislocation density in the extruded
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alloy intensifies, precipitating the formation of
numerous LAGBs. The high-density dislocations
reorganize with an increasing number of cold
stamping passes, and some LAGBs evolve into
HAGBs, further enhancing grain refinement
[24—27]. WANG et al [28] successfully obtained
high-strength, ultrafine-grained pure aluminum
through extensive-pass isothermal extrusion and
cold rolling.

As previously discussed, grain refinement is
primarily conducted through the dislocation
rearrangement and the transformation of LAGBEs,
with the specific mechanisms depicted in Fig. 10.
With an increasing number of deformation passes,
high-density dislocations begin to accumulate
within the grains. Numerous dislocations lead to the
formation of dislocation stacking and entanglement
at grain boundaries and within the secondary phases,
facilitating the formation of areas with high
dislocation density. Subsequently, these unordered
dislocations progressively transform into ordered
dislocation walls as deformation energy storage
increases alongside high dislocation density,
eventually rearranging into LAGBs. Ultimately,
certain sub-grain boundaries and LAGBs will
evolve into HAGBs, culminating in the formation
of new fine grains.

4.2 Effect of rapid cold stamping on texture

evolution

EBSD data were employed to analyze the
texture of the Al-Zn—Mg—Cu alloy in diverse states
to elucidate the evolution of textures under varying
deformation conditions. Figure 11 displays the
orientation distribution function (ODF) sections of
the alloy under different thermal deformation
conditions. Figure 11(a) shows that the grain
orientation of the extruded alloy predominantly
aligns with the angles (0°, 0°-90°, and 90°). The
Miller index confirms that the extrusion direction is
parallel to the (100) direction, indicating the
presence of a (100) filamentary texture in the
extruded specimen. As shown in Fig. 11(b), the
annealed specimen exhibits a notable peak density
near the Goss orientation (0°, 45° and 90°), with
corresponding Miller indexes of {110}(100),
indicating a sustained predominance of the (100)
filamentary texture. Additionally, the annealed
specimens demonstrate an increased density of
random orientations. Figure 11(d) reveals that
following the second pass of cold stamping, the
orientation of the sample primarily centers around
70°, 0°—45°, and 90°, with a predominant
distribution near (130), (113), and (122), respectively.
Figure 11(e) indicates that after 3 passes of cold
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Fig. 10 Mechanism of rapid cold stamping for grain refinement
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Fig. 11 ODF cross-section under different conditions: (a) Extruded; (b) Annealed; (c) 1 pass; (d) 2 passes; (e) 3 passes

stamping, the orientation of the sample is mainly
concentrated around Brass orientations (35°, 45°
and 90°), (90°, 45° and 30°), and (75°, 45° and 45°),
with corresponding Miller indexes of {011}(121),
{001}(122), and {230}(122), respectively. This
finding indicates that the dominant filamentary
textures of the sample are (122) and (112). The
aforementioned texture types are identified in the
standard reverse pole figure, as illustrated in Fig. 12.
Notably, with successive cold stamping passes, the
principal orientation of the sample transitions from
(100) toward (130) and (113), and subsequently
toward (112) and (122). This finding implies a
rotation of the extrusion direction’s orientation from
(100) toward orientations closer to (111). Several
studies [29,30] indicate that the (111) orientation
represents a stable configuration for extruded
aluminum alloys, implying that the orientation of
the sample stabilizes as the number of cold
stamping passes increases.

111

001 013 011
Fig. 12 Evolution of texture in inverse diagram

4.3 Strengthening mechanism

During rapid cold stamping deformation, the
main strengthening mechanisms of Al-Zn—Mg—Cu
alloy are secondary-phase strengthening (op),
dislocation strengthening (04), and fine grain
strengthening (o). The corresponding yield strength
(YS, oy) can be calculated by the following
equation [31,32]:
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Oy=0otoptoqtog (1)

where o, is the YS of the pure Al (6,=35 MPa) [31].
A substantial alteration in the dislocation density of
the alloy is observed during plastic deformation.
The contribution of the dislocation strengthening
mechanism to the alloy strength can be
quantitatively assessed using the Bailey—Hirsch
relationship [33]:

oi=MoaGbp'? )

where M, a, G, b and p are the mean orientation
factor (M=3.06), a constant (a=0.2), shear modulus
(G=27 GPa), amplitude of Burgers vector (h=0.286)
and dislocation density of the alloy, respectively.
The equation to calculate the density of
geometrically necessary dislocations (GND, pgnp)
in the alloy is [34]

where KAM,,. is the average of the kernel mean
error orientation of the sample, and u is the scan
step size (4u=0.09 um). The KAM average value is
used to represent the density of GND. The analysis
reveals that with increasing rapid cold stamping
passes, the average GND density substantially
escalates from 3.7x10' to 4.5x10'*m™2. According
to Egs.(2) and (3), the strength of the alloy
increases with dislocation density. Therefore, the
dislocation density increases with the rise of cold
stamping passes, and the microhardness of the
deformed alloy increases. For the fine grain
strengthening mechanism, the Hall-Petch relationship
can be used [31,35,36,37].

o=kd )

where d and k are the average grain size and
material-related  parameter  (k=0.12 MPa-m'?),
respectively [33]. Calculating the reinforcement due
to the secondary phase is complicated, and an
estimation can be performed using the subsequent
equation:

oy=0y—(0ot0at0y) (%)

Utilizing Egs. (1)—(5), the contributions of oy,
a4, and o, to the strength of the aluminum alloy are
quantified, as detailed in Table 3. As indicated in
Table 3, the synergistic effects of secondary-phase
strengthening, dislocation strengthening, and fine
grain strengthening jointly enhance the strength of
the alloy.

Table 3 Contribution of strengthening mechanism to
Al-Zn—Mg—Cu alloy under different rapid cold stamping

passes
Sample oo/ op/ od/ oo/ YS/
P® 'MPa MPa MPa MPa MPa

1 pass 35 104.6  91.1 118.8  349.5

2 passes 35 130.1 97.8 135.2  398.1
3 passes 35 1523  100.6 1389 426.8

5 Conclusions

(1) Throughout the rapid cold stamping
process, severe plastic deformation leads to the
fragmentation and refinement of the secondary
phase (Mg(Zn,Cu,Al),), reducing its size from 1.41
to 0.75 um and enhancing its uniformity.

(2) With successive rapid cold stamping passes,
the dislocation density in the alloy markedly
Owing to the pinning effect of
precipitates on the dislocations, the grain size is
substantially refined, with the average grain size

increases.

diminishing from 5.75 to 0.97 pm.
(3) The enhancement of
microhardness is primarily attributed to dislocation
strengthening, complemented by synergistic effects
from fine-grained and secondary-phase strengthening.

strength  and
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