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Abstract: Transmission electron microscopy (TEM), X-ray diffraction (XRD), electron backscattered diffraction
(EBSD), and tensile tests were used to study the effects of strain rates (0.1, 1 and 9.1 s™!) on the microstructure and
mechanical properties of spray-formed AlI-Cu—Mg alloys during large-strain rolling at 420 °C. Results show that during
hot rolling, the proportion of high-angle grain boundaries (HAGBs) and the degree of dynamic recrystallization (DRX)
initially increase and then decrease, whereas the average grain size and dislocation density show the opposite trend with
the increase of the strain rate. In addition, the number of S’ phases in the matrix decreases, and the grain boundary
precipitates (GBPs) become coarser and more discontinuous as the strain rate increases. When the strain rate increases
from 0.1 to 9.1 s7!, the tensile strength of the alloy decreases from 492.45 to 427.63 MPa, whereas the elongation
initially increases from 12.1% to 21.8% and then decreases to 17.7%.
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1 Introduction

The Al-Cu—Mg alloys have been widely
used in aerospace and military fields because of
their high strength and good processability and
formability [1,2]. As an important parameter in the
processing of Al-Cu—Mg alloy, the strain rate has
been widely studied. ZHANG et al [3] studied the
effect of strain rate on the redissolution rate
of precipitated phase in Al-Cu alloy at low
temperature during severe plastic deformation, and
found that the higher the strain rate is, the smaller
the deformation amount required for redissolution
of precipitated phases is. WANG et al [4] studied
the influence of strain rate and deformation
temperature on the mechanical properties of
Al-Cu—Mg alloy after equal channel angular
pressing. Under the conditions of higher strain rates

and lower deformation temperatures, the flow stress
and strain hardening increase significantly. GAO
et al [5] reported that a high strain rate can reduce
the transition temperature of the 6’ phase in 2519
aluminum alloy. Different strain rates will induce
complex strain rate effects in the aluminum alloys.
WANG et al [6] found that the flow stress of
2024 aluminum alloy at a certain temperature is
proportional to the strain rate. In addition,
ZHANG [7] carried out tensile and compression
tests on 2024 aluminum alloy at different strain
rates (10%=10%s™"). The experimental results show
that the effect of strain rate on yield stress is not
evident, whereas the toughness decreases and the
brittleness increases at higher strain rate.

In this study, we aims to improve the
production efficiency and subsequent performance
in aluminum alloy cartridge cases. Understanding
the effect of strain rate on the microstructure and
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mechanical properties of the spray-formed
Al-Cu—Mg alloy is of great significance to further
improve subsequent performance of aluminum
alloy cartridge cases. Previous studies were
primarily focused on Al-Cu—Mg alloys prepared
by conventional processes, whereas the effect of
strain rate on the spray-formed Al-Cu—Mg alloy is
rarely reported. Based on rapid solidification of
fine-grained Al-Cu—Mg alloy billet prepared by
spray forming, the microstructure evolution,
mechanical properties, and strengthening and
toughening mechanism of Al-Cu—Mg alloy under
different strain rates were studied to guide
subsequent heat treatment process.

2 Experimental

A rapidly-solidified fine-grained Al-Cu—Mg
alloy cylindrical ingot was prepared on a self-
developed SD380 large-scale injection molding

apparatus. Table 1 gives the chemical composition
of the AlI-Cu—Mg alloy.

Table 1 Chemical composition of Al-Cu—Mg alloy
(wt.%)
Cu Mg Mn Si Fe Al
4.0 1.7 0.4 <0.05 <0.03 Bal.

The cylindrical ingot was extruded into a plate
with a sectional size of 20 mmx10 mm using a
1250T extruder at 450 °C with an extrusion ratio of
15:1. The samples were pre-heated for 30 min at
420 °C, and then hot-rolled at different strain rates
(0.1, 1 and 9.1 s") with 4 passes. The total rolling
reduction was 80%, and the specific rolling
parameters are given in Table 2. The motor
transmission ratio of the rolling machine is 31.5,
and the maximum motor speed is 1500 r/min.

The microstructure evolution of the deformed
sample was investigated by EBSD on the scanning
electron microscope (SEM, FEI Quanta 2000). The

Table 2 Technological parameters of rolling

Rolling Rolling Motor speed/ Strain
pass  reduction/mm (rmin) rate/s”!
1 2 1470, 161,16 9.1, 1,0.1
2 2 1171, 129,13 9.1, 1,0.1
3 2 878, 96, 10 9.1,1,0.1
4 2 585, 64,6 9.1,1,0.1

EBSD samples were prepared by electro-polishing
using a solution of 80% C,HsOH and 20% HCIO;4 at
20V for 30 s. The EBSD samples were detected by
Aztec software, performing at the operating
potential of 30 kV and tilting angle of 70° with
0.2 um scanning steps. The microstructure of the
sample was analyzed using a JEM-F200
transmission electron microscope (TEM). The
sample was mechanically pre-thinned to
approximately 80 pm, and then twin-jet electro-
polished with a solution of nitric acid and methanol
(volume ratio of 1:3) at the temperature lower than
—25°C. The phase identification was done by a
D/max 2500 18 kW target X-ray diffraction. The
tensile test was performed on the American Instron
3369 mechanical testing machine with the tensile
rate of 1 mm/min.

3 Results

3.1 XRD pattern

The XRD patterns of the hot-rolled
Al-Cu—Mg alloy samples under different strain
rates are shown in Fig. 1. It can be seen that, the
main precipitates of the Al-Cu—Mg alloy sample
are a phase (Al) and S’ phase (AlLCuMg). The
highest diffraction peak intensity of the S’ phase is
obtained at 0.1 s\. With the increase of strain rate,
the diffraction peak intensity of the S’ phase
decreases gradually. By quantitatively analyzing
and calculating the S’ phase, the volume fractions of
the S’ phase at the strain rates of 0.1, 1 and 9.1 s
are 1.4%, 1.1% and 0.4%, respectively. The volume
fraction of the S’ phase decreases with the increase
of strain rate.
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Fig. 1 XRD patterns of hot-rolled Al-Cu—Mg alloy
samples under different strain rates



1098 Tong SHEN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1096—1104

3.2 Microstructure

Figure 2 shows the inverse pole figures (IPFs),
DRX grain size distributions and misorientation
angle distributions of the hot-rolled Al-Cu—Mg
alloy under different strain rates. The IPFs show
that the grain orientation in the alloy is random and
DRX occurs at different strain rates. When the
strain rate increases from 0.1 to 1 s™', the degree of
DRX increases; however, the degree decreases with
the strain rate up to 9.1 s”'. Based on DRX grain
size distribution (Figs. 2(b, e, h), the average grain
sizes at 0.1, 1 and 9.1 s™' are 8.9, 5.8 and 11.7 um,
respectively. With the increase of the strain rate, the
DRX grain size firstly decreases and then increases,
and the grains are significantly refined at 1s'

(Fig. 2(e)). According to the misorientation angle
distributions (Figs. 2(c, f, i), the proportion of
HAGBs (>15°) initially increases from 72.3% to
81.2%, and then decreases to 63.8% with the
increase of strain rate from 0.1 t0 9.1 5™

Figure 3 shows the Kernel average
misorientation (KAM) figures of the hot-rolled
Al-Cu—Mg alloy under different strain rates. The
KAM maps are often used to reveal local
misorientation, and the green lines in the maps can
be approximately regarded as dislocations. After
calculation, the dislocation densities in the alloy
at strain rate of 0.1, 1 and 9.1 s! are 2.92x10',
2.78x10" and 3.53x10' m™, respectively. That
is to say, the dislocation density slightly decreases
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Fig. 2 IPFs (a, d, g), DRX grain size distributions (b, e, h) and misorientation angle distributions (c, f, i) of hot-rolled
Al-Cu—Mg alloy under different strain rates: (a,b,c) € =0.1s"';(d,e,f) €=1s" (g, h,i) £=9.15"!
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Fig. 3 KAM maps of hot-rolled Al-Cu—Mg alloy
under different strain rates: (a) £ =0.1s7';(b) £=1s7";
(c) £€=9.15"!

with the increase of strain rate from 0.1 to 15’
(Figs. 3(a, b)), and then increases as the strain rate
increases up to 9.1 s™' (Fig. 3(c)).

Figure 4 presents the TEM images of the hot-
rolled AlI-Cu—Mg alloy under the strain rate of 0.1,
1 and 9.1 s™'. As shown in Fig. 4(a), the GBPs are

Fig. 4 TEM images of hot-rolled Al-Cu—Mg alloy
under different strain rates: (a) € =0.1s7';(b) £€=1s7;
(c) £€=9.15"!

continuously distributed in the alloy rolled at the
strain rate of 0.1 s, With the strain rate increasing
to 1 s', the GBPs are found to be more discontinuous,
and the GBP size grows slightly (Fig. 4(b)). When
being hot-rolled at the strain rate of 9.1s™', the
GBPs show evident coarsening and discontinuity.
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3.3 Tensile properties

The tensile curves of the hot-rolled
Al-Cu—Mg alloy samples under different strain
rates are shown in Fig. 5, and the values of tensile
strength, yield strength and elongation are given in
Table 3. It can be seen from Table 3 that the tensile
strength and yield strength decrease gradually,
while the elongation firstly increases and then
decreases with the increase of strain rate. When the
strain rate is 0.1 s, the sample has the highest
tensile strength and yield strength, which are
492.45 and 361.52 MPa, respectively. The highest
elongation of 21.8% is obtained at the strain rate of
1s™.
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Fig. 5 Tensile curves of hot-rolled Al-Cu—Mg alloy
samples under different strain rates

Table 3 Mechanical properties of hot-rolled AlI-Cu—Mg
alloy under different strain rates

Strain Tensile Yield Elongation/
rate/s”!  strength/MPa  strength/MPa %
0.1 492.45+5 361.52+5 12.1+1
1 47145 336.31+£5 21.8+1
9.1 427.63+£5 297.845 17.7+1

4 Discussion

4.1 Evolution mechanism of recrystallization and

dislocation at different strain rates

As shown in Fig. 2, the size of DRX grains
initially decreases and then increases with the
increase of strain rate, and the proportion of
HAGBSs shows the opposite trend. Recrystallization
is driven by the strain energy stored in the alloy
during deformation [8,9]. When the strain rate is
0.1 s™!, the atoms in alloy have enough time to fully

diffuse, thereby producing enough strain energy to
stimulate the nucleation of DRX. In addition, the
deformation time of the sample is long enough for
the grain boundary migration at the low strain rate
of 0.1 s™!, resulting in enough time for grain growth.
As the alloy continues to deform, not only the
original grains but also the new DRX grains
undergo deformation, and the low-angle grain
boundaries (LAGBs) continue to form in the
alloy [10]. With the strain rate increasing to 1s,
the energy of alloy system increases, and more of
them can be used for subcrystalline growth and new
grain nucleation. Thus, more new grains with
HAGBs are formed. Moreover, the growth time of
DRX grains is limited because of the increased
strain rate, resulting in refined grains. When the
strain rate increases to 9.1 s, the DRX grain size
and the proportion of LAGBs increase significantly,
which may be due to the shortened deformation
time and temperature rise at a high strain rate [11].
Although the driving force of recovery and
recrystallization is certainly high at a high strain
rate, the shortened deformation time limits the degree
of dynamic recovery and recrystallization [12]. As
shown in Fig. 2(g), a few DRX grains with small
sizes are observed, while the overall grain
refinement is not obvious. The driving force of
grain boundary migration is the distortion energy of
the deformed metal [13]. At a higher strain rate, the
distortion energy increases significantly, and the
grain boundary migration ability is enhanced with
the increase of temperature, thereby increasing the

grain size.
The hot deformation process is overlapped
by two opposite processes: recrystallization

softening process and work hardening. DRX grains
undergo work hardening during growing, forming
dislocation density gradients in grains. According to
the calculation results shown in Fig. 3, the
dislocation density in the alloy firstly decreases and
then increases with the increase of strain rate. In the
recovery stage of hot deformation, the reduction of
dislocation density is limited. Moreover, the
dislocation density will decrease significantly only
in the recrystallization stage. Compared with the
alloy rolled at the strain rate of 0.1 s™', the degree of
DRX increases significantly, and the rearrangement
of dislocation becomes more sufficient at 15,
resulting in the decreases in dislocation density.
When the strain rate increases to 9.1s !, the
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opportunities of adjacent grain orientation against
deformation increase, and the number of
dislocations in the grain increases greatly. At the
same time, the increase of strain rate weakens
dislocation rearrangement or annihilation, and
hinders DRX, leading to a significant increase in
dislocation density in the alloy.

4.2 Evolution mechanism of S’ phase at different
strain rates

The mass ratio of Cu/Mg in the experimental
sample is 2.35. According to the literatures [14,15],
S’ phase is the main strengthening phase of the
Al-Cu—Mg alloy with a low Cu/Mg ratio. As
shown in Fig. 6(a), the S’ phase is distorted and
broken under the action of large stress, and the
fracture of S’ phase improves the interfacial
distortion energy between the S’ phase and the
aluminum matrix. In addition, resolved steps and
necking are detected in the S’ phase (Figs. 6(b, ¢)),
which promotes the redissolution of the S’ phase,
and finally reduces the size and volume fraction of
the S’ phase. According to the calculations, the
increase of strain rate leads to a significant
reduction in the number of the S’ phases. During
large-strain hot-rolling, the effect of temperature
rise becomes evident with the increase of strain
rate. PINHEIRO et al [16] showed that the adiabatic
temperature rise of deformation can be ignored at a
low strain rate (<1 s '). Therefore, the temperature
rise in the alloy hot-rolled at the strain rate of
0.1 s™" can be ignored. However, the temperature
rise increases the maximum solid solubility of
Al-Cu—Mg alloy and prevents the precipitation of
S’ phase at a higher strain rate (>1 s™'). Moreover, a
higher strain rate shortens the deformation time and
inhibits the nucleation and growth of the S’ phase.
Therefore, redissolution of the S’ phase combined
with precipitating obstruction reduces the number
of the S’ phases in alloy hot-rolled at a higher strain
rate.

4.3 Effect of strain rate on strengthening and
toughening mechanism of spray-formed
Al-Cu—Mg alloys
Figure 5 shows that during rolling, the tensile

strength and yield strength of the AI-Cu—Mg alloy

decrease significantly with the increase of strain
rate. The plastic deformation in the alloy is driven
by dislocation slip, and the strengthening is realized
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Fig. 6 TEM images of S’ phase in hot-rolled AlI-Cu—Mg
alloy: (a) Distortion and brittle fracture of S' phase;
(b) Resolved steps of S’ phase; (¢) Necking of S’ phase

by hindering the dislocation movement through
precipitates, solute atoms, and grain boundaries.
The yield strength of polycrystalline materials can
be expressed as [17]

O-total = O-O + AO—

prec

+Aog, + Aoy + Ao (1)
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where oo is the yield strength of pure alloy
(20 MPa); Aoprec, Aoge, Acdgis and Ao represent
the yield strength increments produced by the
precipitation strengthening, the grain boundary
strengthening, the dislocation strengthening and the
solid solution strengthening, respectively.

The increment in precipitation strengthening
can be estimated using Orowan mechanism [18]:

Ao, =\3Gb/L )

prec

where L is the mean distance between precipitates,
G (=27 GPa) is the shear modulus, and b is the
magnitude of Burgers vector. Based on the
measurements of more than 120 particles in 9 TEM
micrographs, the average distance (L) at strain
rates of 0.1, 1 and 10s™" are 91, 115 and 159 nm,
respectively. Therefore, the increment in the yield
strength is 146, 116, and 84 MPa at strain rates of
0.1, 1 and 9.1 57", respectively.

The value of Aogs generated by grain
boundary strengthening can be described by the

Hall-Petch equation [19]:
Aoce=kd "? (3)

where k is the Hall-Petch coefficient for Al-4Cu
alloy (0.1 MPa-m'?), and d is the grain size. At
strain rates of 0.1, 1 and 9.1 s™', the values of Aogs
are 33, 41 and 28 MPa, respectively.

The relationship between Aogis and dislocation
density (p) is shown as follows [20]:

AO‘dis:aMGbpl/z (4)

where a (=0.3) is a constant, #=2.86x10"'" m and
M (=3) is the Taylor factor. At strain rates of 0.1, 1
and 9.1 s™!, the values of Aagis are 119, 116 and
131 MPa, respectively.

The value of Aoy related to the concentration
of solute can be calculated by the following
equation [21]:

Ao =24C;" (5)

where 4 (=12.43) is a constant and C is the mass
fraction of solute. According to the results in Fig. 1,
the mass fractions of the S’ phase at strain rates
of 0.1, 1 and 9.1 s7! is 3.23%, 2.93% and 2.24%,
respectively. By assuming the remaining Cu and
Mg atoms are completely dissolved in the Al
matrix, the values of Cy at strain rates of 0.1, 1 and
9.1 s are 2.47, 2.77 and 3.46 wt.%, respectively.
The yield strength increments by solid solution

strengthening are approximately 45, 49 and 56 MPa
when the strain rates are 0.1, 1 and 9.1s',
respectively.

As shown in Fig.7, the theoretical yield
strengths of the AlI-Cu—Mg alloy under different
strain rates are obtained, which are compared with
the experimental values. The theoretical values of
Owal are close to the experimental ones.

450 [ A G 4;5 [:‘Ao-prec

400 EA0ss 4000
EHAoge AO-e:xp

350

300 -
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0

Yield strength/MPa

Strain rate/s™!
Fig. 7 Comparison of theoretical and experimental yield
strength values

It can be seen from Figs. 1 and 7 that the mass
fraction of the S’ phase is the largest in the alloy at
the strain rate of 0.1 s™!, and the main strengthening
mode of the alloy is precipitation strengthening.
When the strain rate is 1s”', the precipitation
strengthening effect is weakened, while the grains
are refined due to the more sufficient DRX that
occurs in the sample, and the fine grain
strengthening contributes part of the strength in this
case. When the strain rate is 9.1 s”', the amount of
S’ phase is obviously reduced, and a lot of broken
dispersed phases are detected in the matrix. The
interaction between S’ phase and dislocation could
reduce the size of the S’ phase. As the size is less
than a critical value, the broken and dispersed S’
phase would dissolve and disappear [22]. Thus, the
contribution of precipitation strengthening to the
strength of the material is weakened. In addition,
the grain size increases at the strain rate of 9.1 s,
resulting in a weakened fine grain strengthening
effect. As shown in Figs. 3 and 7, the dislocation
density in the sample hot-rolled at 9.1 s™' is the
highest. Above all, dislocation strengthening is the
main strengthening mode at the strain rate of
9.1s7,

As shown in Fig. 4, when the strain rate is
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0.1s™', the GBPs are densely distributed, which
increases the stress concentration and accelerates
the crack growth, resulting in poor plasticity. When
the strain rate is 1s ', the alloy exhibits the best
plasticity, resulting from the combined action of
GBPs and temperature rise. Coarsening GBPs
reduce the plasticity of the alloy, while the
temperature rise has a more significant effect
on the plasticity at the strain rate of 1s'. The
temperature rise leads to the decrease of lattice
resistance to dislocation movement and a more
uniform dislocation distribution [23]. During high-
temperature deformation, multiple slip systems can
start at the same time, and can smoothly bypass the
dislocation obstacles, which promotes the uniform
deformation of the material, thereby making
up for the loss of plasticity caused by coarsening
GBPs. When the strain rate increases to 9.1s ',
the diffusion of solute atoms accelerates, and
GBPs significantly become coarser and more
discontinuous, resulting in a decrease in plasticity
compared with the alloy hot rolled at the strain rate
of 1 s7".

In summary, with the increase of strain rates
during large-strain hot-rolling, the strength of
spray-formed Al-Cu—Mg alloys decreases, while
the plasticity initially increases and then decreases
because of the combined effects of precipitates,
dislocations and recrystallization.

5 Conclusions

(1) During large-strain hot-rolling, the tensile
strength and yield strength of the spray-formed
Al-Cu—Mg alloy decrease continuously with the
strain rate increasing from 0.1 to 9.1 s at 420 °C.
The elongation initially increases and then
decreases with the increase of strain rate.

(2) As the strain rate increases, the degree of
DRX firstly increases and then decreases, the
average grain size shows the opposite trend, and the
GBPs become coarser and more discontinuous. The
larger the HAGBs proportion, the higher the DRX
degree and the finer the grain size are obtained in
the alloy hot-rolled at the strain rate of 1 s™'.

(3) With the increase of strain rate, the
dislocation density firstly decreases and then
increases, and the density of the S’ phase
decreases. Precipitation strengthening is the main
strengthening mode at the strain rate of 0.1s,

whereas dislocation strengthening dominates at

the strain rate of 9.1 s
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