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Abstract: The hot compression of rolled 7075 alloys with different heat treatments was performed.

The temperature ranged from 200 to 400 °C, and the strain rate was 0.01 s~

The stress level
decreases with the increasing temperature during compression, and the strength of the alloy in
the original condition is higher than that of solution-treated (ST) alloy at the same deformation
condition. The alloys with different heat treatments exhibit different anisotropic behaviors at 200 °C;
the anisotropy for the alloys in both conditions becomes weaker with increasing temperature. Then,
the corresponding microstructure was studied. The alloy’s microstructure in its original condition
consists of fiber grains; however, many equiaxed grains are found after solution treatment due to the
recrystallization. The grains with different shapes lead to different anisotropic mechanical properties.
For the alloys in both conditions, the density of the dislocation decreases with increasing temperature
during compression, and a certain number of subgrains were found when deformed at 400 °C due to
the higher driving force and a higher rate of atomic migration. Meanwhile, it is observed that the
precipitates of the alloy become coarser during higher-temperature deformation. Dynamic softening
is dominant in high-temperature deformation, decreasing stress during hot deformation.

Keywords: 7075 alloy; hot compression; mechanical property; microstructure

1. Introduction

Heat treatable 7075 alloy is a traditional 7000 series aluminum alloy widely used in
aircraft and vehicle industries due to its high strength, low density, attractive fracture
toughness, and desirable corrosion resistance [1-3]. Also, the 7075 alloy exhibits excellent
hot-forming ability, which contributes to broader use in structural applications [4-6]. The
microstructure characteristics such as grain size and orientation, precipitates type and
fraction, dislocations morphology, and density are mainly decided by hot deformation
conditions [7-9]. Yang et al. [10] compressed the 7075 aluminum alloys with different grain
sizes at high temperatures and found that the alloy with finer grains performed better in hot
forming. Sun et al. [11] tested the as-extruded 7075 aluminum alloy at elevated temperature
and concluded that only dynamic recovery was observed when the deforming temperature
was below 350 °C; as the temperature exceeds 350 °C, dynamic recrystallization occurs.
Meanwhile, the size of the recrystallization grain grows larger with increasing temperature.
According to Taheri-Mandarjani et al. [12], when the temperature rises, the density of the
second phase is found to decline; at the same time, the adverse effects of the particles on
cavity nucleation and growth can be suppressed. Du et al. [13] tested the hot forming
behavior of 7075 alloys at a range of 25-400 °C; it was found that the 1 phase is the
main second phase, the size of the ) phase increases with increasing temperature, and the
coarsening of 11 phase leads to the weakening of mechanical properties. It is widely accepted
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that the mechanical properties of metal material are highly related to its microstructure,
which is greatly affected by the hot forming conditions [14-16]. Therefore, the studies of
the deformation response and the associated microstructure evolution during compression
at elevated temperatures are of great importance, contributing to a deeper understanding
and better optimization of the forming process.

In practice, plastic forming is usually adopted to get the final shape of the products,
during which the anisotropy of mechanical property often takes place [17-19]. In brief, the
anisotropy can be explained by the fact that property values vary along different directions
to the deformation axis [20]. It is proven that anisotropy may lead to unpredicted material
mechanical properties. Yang et al. [21] studied the compression response of the extruded
7075 aluminum alloy bars with directions at 0°, 45°, and 90° to the extrusion direction. The
results show that the 0° specimens have the highest flow stress, and the 45° specimens’ flow
stress is always the lowest. Hu et al. [22] found that the over-aged rolled 7050 aluminum
alloy exhibit anisotropy in the elongation. The specimen parallel to the rolling direction
exhibits the best elongation; however, the specimen with a 45° direction to the rolling
direction owns the poorest elongation. It is well known that the crystallographic texture
which forms during plastic deformation is mainly responsible for the anisotropy behavior.
Also, it is reported that the microstructures formed during subsequent heat treatment,
such as the grain shape, the particles, and the defects, may also lead to the anisotropy of
aluminum alloys [23,24]. Hence, it is meaningful to study the anisotropy of 7075 aluminum
alloy with different plastic deformation and heat treatment to make an accurate control and
prediction of the material mechanical properties during forming.

Though the 7075 aluminum alloy was successfully used in industries, limited works
on the relationship between anisotropic hot deformation behavior and the corresponding
microstructure mechanism of this alloy have been found in open publications so far. This is
significant for the manufacturing industry to better control and predict the final products. In
the present study, the anisotropic hot deformation behavior and microstructure evolution of
7075 aluminum alloy were studied using a thermo-simulation machine, optical microscope
(OM), electron back-scattered diffraction (EBSD), and transmission electron microscopy
(TEM) technique. The aim is to reveal the relationship between flow stress response and
microstructure evolution.

2. Experimental Procedures

The material is a rolling 7075-T6 alloy plate with a thickness of 10 mm; it is aging
treated at 120 °C for 24 h after rolling and named as original (T6) condition. The chemical
composition of this alloy is shown in Table 1.

Table 1. Chemical composition of 7075 aluminum alloy (mass fraction, %).

Composition

Mg Fe Si Mn Zn Cr Ti Al

Content (%)

22 0.18 0.07 0.05 5.8 0.01 0.03 Bal.

The cylindrical specimens for the hot compression experiment have a diameter of
8 mm and a height of 12 mm. The compression samples were machined from the plate at
angles of 0°, 45°, and 90° to the rolling direction (RD) (Figure 1). The received samples
were solution-treated (ST) at 550 °C for 1 h and then cooled to room temperature in the
water to get a different grain shape, named ST samples.

Hot compression was performed on a Gleeble 3500 thermal simulation machine (DSI,
St. Paul, MN, USA) at temperatures of 200 °C, 300 °C, and 400 °C and strain rates of
0.01 s~1. The hot compression parameters are shown in Figure 2. The sample ends were
lubricated with Vaseline to minimize the friction effect. The specimens were heated to
temperature during compression at a heating rate of 5 °C/s and held for 3 min to obtain a
stable deformation temperature. The specimens were compressed to an engineering strain
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of 0.75 and quenched with water for further comparative investigation of the deformation
microstructure. The stress-strain curves were recorded by the computer automatically.
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RD (rolling direction)

TD (transverse direction)

Figure 1. Schematic of the specimen direction.

Hot compression

Holding time 180s

Heating rate 5 °C/s

Temperature/'C
‘““3“3“0

Deform 75%

Time/s
Figure 2. The parameters of hot compression.

The microstructure observation section for the specimens is paralleled to the com-
pression axis. The compressed samples were polished, followed by anodizing in 5% HBE,
solution, 20 V for 1-3 min, and the microstructures were observed under polarized light in
an optical microscope (AX10, Zeiss, Oberkochen, Baden-Wiirttemberg, Germany). After
compression, the specimen surfaces parallel to the compressed axis were mechanically
polished and electro-polished using 10% HCIOy acids in alcohol. EBSD examination
was conducted on a scanning electron microscope (EVO18, Zeiss, Oberkochen, Baden-
Wiirttemberg, Germany) with an accelerating voltage of 15 kV, and the data were analyzed
using HKL Channel 5 software (Oxford Instruments, Eynsham Witney, Oxon, UK). Thin foil
TEM samples were cut out from the cross-section of the original and compressed specimen.
The discs were ground to a thickness of about 100 um, followed by electro-polishing in a
double-jet unit operating at 10 V and —25 °C using a 30% nitric acid and 70% methanol
solution. The electrolytic time is about 15 s. TEM investigations were performed on Tecnai
G2 20 (FEI, Hillsboro, OR, USA) at an operating voltage of 300 kV.
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3. Results and Discussion
3.1. Mechanical Properties

The engineering stress-strain curves during hot compression of rolled 7075 aluminum
alloys are presented in Figure 3. In general, the engineering stresses rose rapidly with
increasing strain and then held constant or decreased to some extent after reaching the peak
values at different deformation conditions. During the compression, work hardening and
dynamic softening will occur [25,26]. Both dynamic recovery and dynamic recrystallization
are of great importance in deciding the microstructure evolution during hot compression,
and the microstructure will also affect the mechanical property of the material [27,28]. It
is clear that the hot compression was a competitive result of the dynamic softening and
work hardening. At the beginning of the deformation, the rapid increase of dislocation
density results in a dramatic increase in stress. However, as the deformation continues,
dynamic softening, such as dynamic recovery or dynamic recrystallization, occurs, which
can partially offset or even totally offset the strengthening effect of work hardening. As a
result, the stress kept stable or decreased to some extent with the increasing engineering
strain. It is clear that at the temperature of 300 °C, the engineering stresses of all condition
samples rise to around 100 MPa, which is much lower than those at 200 °C. At the tempera-
ture of 400 °C, the flow stress is below 50 MPa. For both alloys deformed at 200 and 300 °C,
the stress levels are low and keep stable during plastic deformation. With the increasing
temperature, the diffusion ability of the atom increases, the activation energy to initiate the
slip systems becomes lower, and more slip systems are activated, dynamic recovery and
dynamic recrystallization are dominant. Also, the precipitate becomes coarse, contributing
to decreasing stress levels [29].

Figure 4 shows the effects of temperature on the mechanical property of rolled 7075
alloys with different heat treatment conditions. The max stress decreases with increasing
temperature for the alloy in both conditions. At the temperature of 200 °C, the stress
of the original alloy is much higher than that of the ST alloy. This can attribute to the
strengthening effect of the precipitates in the original alloy. During the deformation, the
precipitates will impede the motion of the dislocation, which can enhance deformation
resistance. As the temperature during compression increases to 400 °C, there seems to be
no difference between the stress level of the alloys in both conditions.

It is found from Table 2 that the alloys with different heat treatments exhibit evident
mechanical property anisotropy at the temperature of 200 °C. For the original alloy, the
0° samples have the highest stress level, and the stress level of the 45° samples is the
lowest. For the solution-treated alloy, the stress level of 0° samples is the highest, and the
90° samples display the lowest stress level. It is reported that the fiber grains contribute
to the anisotropic mechanical behavior; the sample that parallels the extrusion or rolling
direction displays the highest flow stress [21]. Meanwhile, after high-temperature solution
treatment, the grain size of the ST alloy becomes larger, recrystallization occurs, and the
particles resolve into the matrix. Therefore, the preferred orientations change [30]. Also, it is
worth noting that the mechanical property’s anisotropy seems to be weaker with increasing
temperature. At the temperature of 300 °C, the anisotropy of mechanical properties becomes
less noticeable. However, there is no obvious anisotropy at the temperature of 400 °C. With
the increasing temperature, the diffusion of the atom becomes more apparent; slip systems
are easier to be activated, and the anisotropy for the alloys in both conditions becomes
weak. Furthermore, at the temperature of 400 °C, the recrystallization is likely to weaken
the anisotropy for both alloys.
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Figure 3. True stress-strain curves of the alloys with different heat treatment conditions: (a) original
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Figure 4. Effects of temperature on the mechanical property of rolled 7075 alloys: (a) original, (b) ST.
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Table 2. The max stress of 7075 aluminum alloy with different conditions (MPa).
Original ST
Temperature/°C Temperature/°C
0° 45° 90° 0° 45° 90°
200 374 354 365 200 314 299 296
300 131 113 121 300 111 104 103
400 51 48 49 400 47 46 46

3.2. Microstructure Characterization

The mechanical property is highly related to the microstructure. Figure 5 is the grain
structure of 7075 aluminum alloy with different heat treatments. The original alloy, as
shown in Figure 6a, consists of fiber grains that result from the elongation of the grain
after rolling deformation; the width of the fiber grain is between 20-30 um. However,
after solution treatment, the width of the grain becomes larger, the width of the grain is

above 100 um, and a fraction of equiaxed grains are observed due to the recrystallization
(Figure 5b).

(@) (b)

Figure 5. The grain structure of 7075 alloys with different heat treatments: (a) original, (b) ST.

ALY Sheat direction

(a)

(c)

Figure 6. The grain structure of 7075 alloys 0° samples after deformation: (a) original 200 °C, (b) ST
200 °C, (c) original 400 °C, (d) ST 400 °C.
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Figure 6 shows the grain structure of 7075 alloys after deformation. When deformed
at 200 °C, the grains of alloys in both are distorted due to the shear stress (Figure 6a,b).
The shear direction is 0° or 135° along the compression direction under the compression
stress [31]. The original samples were distorted more severely than the ST samples. When
deformed at 400 °C, the original alloy is less distorted than that deformed at 200 °C. Mean-
while, some fine grains are observed; this may be due to the recrystallization of 7075-T6
alloy deformed at elevated temperature [6,32] (Figure 6¢). However, the ST alloy seems to
deform homogeneously (Figure 6d). It is widely accepted that the recrystallization temper-
ature of the alloy is taken as 0.5 Tm (melting temperature) [33]. For the 7075 aluminum
alloy deformed at 400 °C, the temperature has exceeded the recrystallization temperature
of the 7075 aluminum alloy, providing the condition for dynamic recrystallization. High
temperature and large strain can supply more stored energy and act as a driving force to
trigger dynamic recrystallization. The serration and breaking are observed along original
grain boundaries, some equiaxed grains with large-angle grain boundaries are formed, but
most are distributed at fiber grain boundaries [11,34]. Recrystallization occurs because of
grain boundary migration; the grains merge and extend out after recrystallization, and
the boundaries become straight [35]. Dynamic recrystallization can improve the plasticity
of the aluminum and is beneficial for homogeneous deformation. Therefore, it is worth
considering the recrystallization behavior during high-temperature deformation.

From TEM images, we can find that precipitates with small sizes are uniformly dis-
tributed in the original alloy (Figure 7a); the main precipitate in 7075-T6 is fine ' (plate-
shaped) and coarse 1 phase (needle-shaped) [36-39]. Meanwhile, the elongated grains
resulting from severe rolling deformation were detected. However, no obvious precipitate
was found in the solution-treated 7075 alloys before compression (Figure 7b), and only
a small fraction of dislocation lines were observed. During high-temperature solution
treatment, the density of vacancy decreases greatly, and the dislocations inside the cell slip
towards the cell wall; the heterologous dislocations begin to annihilate. Therefore, the dislo-
cation density decreases to some extent. During compression deformation, the precipitates
in the alloy matrix will pin the dislocations and impede the migration of subgrains [40].
On the other hand, the high density of precipitate can restrict the movement of dislocations
and high-angle boundaries. Therefore, the process of recrystallization then requires higher
temperatures to complete; the presence of precipitate can effectively improve the recrystal-
lization temperature of the alloy, which slows down the softening effect [41,42]. Therefore,
the higher max stresses of the original alloy, as shown in Figure 3, can be explained. Also,
during high-temperature solution treatment, the high density of dislocation decreased
significantly, and the fiber grain grew larger, resulting in a lower stress level of ST alloy.

Figure 7. The TEM images of 7075 alloy 0° samples with different heat treatments: (a) original, (b) ST.



Metals 2023, 13, 1456

8of 11

Figure 8 shows the TEM observation of 7075 in original and ST conditions compressed
with different deformation parameters. It can be seen from Figure 8a,b that when the alloys
are deformed at 200 °C, a high density of dislocations is found in the samples with different
heat treatment conditions. In the original sample, several precipitates with small sizes are
detected, and the length of the phase is less than 100 nm. However, in the solution-treated
sample, no precipitate is observed. When deformed at 400 °C, it is clear that the density
of dislocations decreases with increasing temperature. Meanwhile, a certain number of
subgrains are found in Figure 8c,d; at higher deformation temperatures, the higher driving
force can accelerate the dislocation movement and form the boundaries of a polygonized
subgrain structure [43]. In addition, the sufficient migration of atoms and dislocations
at higher temperatures can also result in subgrain growth. Moreover, a great number
of precipitates with large sizes appear due to the coarsening of precipitate [44,45]. The
length of the phase is between 150-200 nm. The increase in phase size will weaken the
strengthening effect and decrease the mechanical properties of the alloy [13].

(d)

Figure 8. The TEM images of 7075 alloy 0° samples after compression: (a) original compressed at
200 °C, (b) ST compressed at 200 °C, (c) original compressed at 400 °C, (d) ST compressed at 400 °C.

4. Conclusions

The hot compression behavior and corresponding microstructure evolution of a rolled
7075 aluminum alloy with different grain shapes have been investigated. The following are
the conclusions:

1.  The flow stress decreases significantly with increasing temperature during compres-
sion. The flow stress rises rapidly with the increasing strain and reaches a maximum
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value, then gradually decreases before reaching a stable value; the compression pro-
cess of the alloy is a competing result of work hardening and dynamic softening.

2. The alloys in both conditions display evident anisotropic mechanical properties at
200 °C. For the original alloy, the 0° sample has the highest stress, and the 45° sample
exhibits the lowest stress. For solution-treated alloy, the stress of the 0° sample is
the highest, and the 90° sample owns the lowest stress. The anisotropy becomes less
noticeable at 300 °C. There is no obvious anisotropy at 400 °C for both alloys.

3. At 200 °C, the stress of the original alloy is much higher than that of the solution-
treated alloy at the same compression condition. The small and uniformly distributed
precipitates can enhance the stress level by impeding the motion of dislocation and
the slide of subgrains.

4. For the 7075 alloys in both conditions, with increasing temperature, the density of the
dislocation decreases. The structure of subgrains was found when deformed at 400 °C
due to the higher driving force and a higher rate of atomic migration. Meanwhile, the
coarsening of the precipitate is found.
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