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Abstract: The requirement for 7085 Al alloy as large airframe parts has been increasing due to its
low quenching sensitivity and high strength. However, the relationship between high temperature
mechanical properties and the evolution of precipitates in hot environments is still unclear. In this
work, thermal exposure followed by tensile tests were conducted on the 7085 Al alloy at various
temperatures (100 ◦C, 125 ◦C, 150 ◦C and 175 ◦C). Variations of hardness, electrical conductivity
and tensile properties were investigated. The evolution of the nano scale precipitates was also
quantitatively characterized by transmission electron microscopy (TEM). The results show that the
hardness and electrical conductivity of the alloy are more sensitive to the temperature than to the
time. The strength decreases continuously with the increase of temperature due to the transformation
from η′ to η phase during the process. Furthermore, the main η phase in the alloy transformed from
V3 and V4 to V1 and V2 variants when the temperature was 125 ◦C. Additionally, with increasing the
temperature, the average precipitate radius increased, meanwhile the volume fraction and number
density of the precipitates decreased. The strengthening effect of nano scale precipitates on tensile
properties of the alloy was calculated and analyzed.

Keywords: 7085 Al alloy; tensile properties; nano-scale precipitates; transmission electron
microscopy

1. Introduction

High strength 7xxx series Al alloys are often called aeronautical materials due to
their wide applications in aerospace field. Over the last decade, in order to meet the rapid
development of large aircrafts, it has been desirable to fabricate large structural components
using heavy forgings or thick plates [1–4]. 7085 Al alloy, as a new generation of thick plate
alloy, has been developed by Alcoa in 2003. The higher Zn/Mg ratio along with lower Cu
content than other 7xxx series Al alloys means that the 7085 Al alloy possesses excellent
properties, such as high corrosion resistance, outstanding workability and especially low
quench sensitivity [5–8]. Hence, the alloy has been a preferred choice for these semi-
products with large sections. For example, the 7085 Al alloy forging has been successfully
used as the inner rear spar in advanced aircrafts A380 [1,9]. T7452 heat treatment has been
proved to be an effective method to simultaneously improve the fracture toughness and
corrosion resistance of 7085 Al alloy [10,11]. Thus, there have been many investigations on
the microstructures and properties of 7085-T7452 Al alloy [5,10,12,13].

When used as structural airframe parts in aerospace industries, the 7085-T7452 Al
alloy thick plate is inevitably exposed to slightly elevated temperatures (83–177 ◦C), which
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often come from aerodynamic heating during supersonic and flight speed, high temper-
atures generated by engines or auxiliary power units, and so forth. [14–17]. The tailored
microstructure of 7085 Al alloy can be damaged in overheating conditions, which would
cause deterioration of the mechanical performance [15]. Therefore, in order to retain the
designed properties of the alloy, further investigations are required to study the evolutions
of precipitates and mechanical properties during the high temperature environment.

Previous investigations of 7085 Al alloy have mainly focused on the quench sensitivity
and hot deformation behavior during solution and aging treatment [2,18,19]. For instance,
Liu et al. investigated the quench sensitivity of a series of Al-Zn-Mg-Cu alloys by time-
temperature-properties relationships. Their results showed that the 7085 alloy is the least
quench sensitive compared to 7055, 7075 and 7175 alloys due to the difference in chemical
compositions [2]. Chen et al. found that the flow stresses of the 7085 Al alloy were sensitive
to the heat treatment conditions and deformation parameters [18]. However, only a few
studies have been performed on the evolution of mechanical properties after thermal
exposure treatment. For example, Jabra et al., whose purpose was mainly linked to the
heat treatment process design, researched the influence of thermal exposure on the tensile
properties of 7085 alloy, but no attention has been paid to the microstructural features [15].

In contrast to the above studies, our previous research mainly evaluated the mi-
crostructural evolution of the 7085 Al alloy and the corresponding room temperature (RT)
mechanical properties’ (hardness and tensile properties) responses to thermal exposure
at different temperatures and durations [20,21], but without considering the performance
of the alloy at high temperatures. The treatment of thermal exposure is actually similar
to continuous aging. When used as airframe parts, the 7085 alloy is usually exposed to a
hot environment (slightly elevated temperature and for a long time), which easily leads to
precipitates evolution and alloy failure. Therefore, further study is required to completely
characterize microstructure evolution and, above all, to evaluate the ultimate fracture
behaviors of the 7085 Al alloy by simulating its real application.

In this study, the hardness, electrical conductivity and tensile properties of 7085 Al
alloy plate at T7452 state have been characterized. In order to simulate the practical
application of the alloy, various heat treatment temperatures (100 ◦C, 125 ◦C, 150 ◦C and
175 ◦C) were set. The corresponding mechanical properties and microstructural evolution
were investigated. Moreover, the strengthening mechanism and relationship between nano
scale precipitates and the tensile properties of 7085 Al alloy thick plate after various heat
treatments were also analyzed in detail.

2. Experimental Procedure

The investigations were carried out on a forged 7085 Al alloy plate, 220 mm in
thickness. The chemical composition of the alloy was Al-7.56Zn-1.50Mg-1.45Cu-0.12Zr-
0.06Fe-0.02Si (wt.%). The alloy was solution treated at 470 ◦C for 6 h, followed by 5% cold
compression, finally it was artificially two-step aged at 120 ◦C for 6 h and 160 ◦C for 10 h,
named the T7452 treatment. Samples were cut from the 7085-T7452 alloy at the position of
1/2 in thickness. The 7085-T7452 samples were thermally exposed at various temperatures
(100 ◦C, 125 ◦C, 150 ◦C and 175 ◦C) for 100–1000 h and then the tensile tests were conducted
at the corresponding temperatures, respectively. The detailed thermal exposure parameters
and tensile test conditions are summarized in Table 1.

Table 1. Thermal exposure and tensile test conditions of 7085-T7452 Al alloy plate.

Table
Tensile Test Temperature/◦C

Temperature/◦C Time/h

100 100, 500, 1000 100
125 100, 500, 1000 125
150 100, 500, 1000 150
175 100, 500, 1000 175
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The tensile tested samples were dog bone shaped rod-shaped tensile samples with
a gauge length of 25 mm and a diameter of 5 mm according to the tensile test standard
ISO 6892-1. Tensile performance was tested on an Instron 3382 material testing machine at
RT (25 ◦C), 100 ◦C, 125 ◦C, 150 ◦C and 175 ◦C with an accuracy of ± 5 ◦C, respectively. In
order to keep the thermal uniformity, the samples were heated to the tensile temperature
at a heating rate of 4 ◦C/min and were then held for 10 min before loading. The tensile
speed was 0.03 mm/s. The samples for Vickers hardness, electrical conductivity and
microstructural investigations were sampled at least 6 mm away from the tensile fracture
surfaces. The hardness tests were performed at RT using a load of 0.5 kg for 15 s by an
HMV-2 hardness tester (Shimadzu Corp., Kyoto, Japan). A minimum of 15 measurements
were conducted for each specimen and the mean value was applied in this work. The
electrical conductivity of the samples was measured in a PZ60A eddy-current device
(Dongguan Zhanpeng Electronic Instruments Co., LTD, Dongguan, China).

To further investigate the microstructure variation (precipitates type, size, etc.) during
the heat treatment process, an FEI Tecnai F30G2 transmission electron microscopy (TEM,
FEI Electron Optics International B.V., Eindhoven, The Netherlands) device operated at
300 kV was used in the present study. Thin foils for TEM examination were prepared by
mechanical grinding followed by twin-jet electro-polishing in a solution of 30 vol% nitric
acid and 70 vol% methanol below −30 ◦C.

3. Results and Analysis
3.1. Hardness, Electrical Conductivity and Tensile Properties

Figure 1 shows the hardness and electrical conductivity of the 7085Al alloy after
thermal exposure and tensile tests at different temperatures. The black dotted lines in
Figure 1a,b represent the results of the hardness and electrical conductivity of the 7085 plate
at the T7452 state, respectively. As shown in Figure 1a, compared with the hardness of the
sample at the T7452 state, the values of the samples after heat treatment at 100–175 ◦C are
lower. The hardness curves show a slight decrease below 125 ◦C but a significant decrease
above 125 ◦C. Furthermore, with the rise of the temperature, the hardness decreases
continually regardless of the exposure time. The hardness of the alloy decreases to only
57 HV after 175 ◦C/1000 h thermal exposure and the 175 ◦C tensile test. Figure 1b presents
the electrical conductivity of the 7085 alloy after thermal exposure and tensile tests at
different temperatures. Contrary to the trend of hardness variety, the corresponding
electrical properties of the sample increase with the increase of temperature regardless of
time. The highest achieved conductivity of the alloy was 69.7% IACS after 175 ◦C/1000 h
thermal exposure and the 175 ◦C tensile test.
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Figure 2 shows the effect of thermal exposure time and tensile tests on the hardness
and electric conductivity of the 7085 Al alloy plate. The results reveal that the hardness of
the alloy decreases while the conductivity increases as the time extends.
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Figure 2. Effects of thermal exposure and tensile test time on hardness (a) and electrical conductivity (b) of 7085-T74 Al
alloy.

The results in Figures 1 and 2 indicate that the influence of thermal exposure and ten-
sile tests’ temperature on both the hardness and electrical properties is much stronger than
that of the duration. Therefore, the present study mainly focused on the effect of thermal
exposure and tensile test temperature on the mechanical properties and microstructural
evolution of the 7085 Al alloy. The five representative samples of the 7085 Al alloy chosen
for the analyses are listed in Table 2.

Table 2. The five representative samples of the 7085 Al alloy chosen for the tests.

Sample No. Thermal Exposure Condition Tensile Test Temperature

I / 25 ◦C
II 100 ◦C/500 h 100 ◦C
III 125 ◦C/500 h 125 ◦C
IV 150 ◦C/500 h 150 ◦C
V 175 ◦C/500 h 175 ◦C

Figure 3 shows the tensile properties of the alloy at different temperatures for 500 h
(25 °C tensile samples are excluded). Figure 3a shows the typical stress–strain curves of the
samples after thermal exposure at different temperatures. It can be seen that the strengths
of the samples continuously decrease with the increase of thermal exposure and tensile
temperature, while the change trend of ductility is just the opposite on the whole. The trend
of both ultimate tensile strength (UTS) and yield strength (YS) affected by the temperature
in Figure 3b is similar to that of the hardness. The highest strength (UTS: 503 MPa and YS:
462 MPa) is at the T7452 state while the lowest strength (UTS: 171 MPa and YS: 158 MPa)
is after the 175 ◦C heat treatment. Figure 3c shows the average elongation and reduction
of area of the alloy after different heat treatment temperatures. The curves show that
both of them increase with increasing temperatures, which indicates better plasticity. The
elongation and reduction of the area reach 30.7% and 85.0% after being heat treated at
175 ◦C, which increases by 35% and 11% compared with those at 150 ◦C, respectively.

The microstructure of the alloy would be changed significantly after thermal expo-
sure and tensile tests at different temperatures, so the electrical conductivity, hardness
and tensile properties of the alloy also changed. Therefore, it is necessary to study the
microstructural evolutions after various thermal exposure and tensile test conditions in
order to reveal the relationships between microstructures and tensile properties.
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3.2. Microstructures of 7085 Al Alloy after Various Thermal Exposure and Tensile Tests Conditions

Figure 4 shows the bright-field TEM micrograph of the samples after different heat
treatment processes. The nano-scale precipitates distribute uniformly in the α-Al matrix.
The result shows that the precipitate size of sample I is smaller than that of the other
samples (II–V). As the temperature increases, the precipitate size increases.

Generally, the type of precipitates in the Al alloys can be distinguished according
to the selected area electron diffraction (SAED) patterns. Figure 5a presents a schematic
representation in the [001]Al projection [20–24]. Figure 5b–f shows the corresponding
SAED patterns of Figure 4a–e under the [001]Al zone axis, respectively. In Figure 5a,
the main stronger diffraction spots come from the Al matrix. The sharp spots at {100}
Al and {110}Al associate with the L12 Al3Zr dispersoids [25], which appear during the
homogenization treatment. Since both the η′ and η phases are hexagonal in structure and

the lattice parameters are aη′ = 4.96
o
A, cη′ = 14.02

o
A, aη = 5.21

o
A, cη = 8.6

o
A [26–28], the

spots at 1/3(220)Al and the other one could be indexed as {1010}η′ and {0110}η, respectively,
as indicated in Figure 5a.

Figure 5b indicates that sample I contains both η′ and η precipitates. After heat
treatment at different temperatures, the diffraction features come from metastable η′

phase and the equilibrium η phase can be clearly identified. This suggests that η′ and η

precipitates coexist in the samples. As the temperature rises, the diffraction spots from
the η phase become sharper and stronger, which indicates that the volume fraction of η
precipitate increases. When the temperature is 175 ◦C (sample V), the η phase becomes
the dominant. This phenomenon further confirms that the η′ phase transforms into the η

phase during the thermal exposure and tensile tests at different temperatures.
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Figure 5. (a) Schematic representation of the (001)Al pattern and SAED patterns along (001)Al zone axis of the 7085 alloy
after various heat treatments: (b) sample I (25 ◦C), (c) sample II (100 ◦C), (d) sample III (125 ◦C), (e) sample IV (150 ◦C), and
(f) sample V (175 ◦C).

Figure 6 presents the high-resolution transmission electron microscopy (HRTEM)
images for the samples after various heat treatments in the <110>Al orientation. In sample
I, as Figure 6a shows, the platelet η′ phase appears edge-on (elongated) as thin layers on
{111}Al planes. The insert in the upper left corner shows the fast Fourier transform (FFT)
pattern of the η′ phase, which is faint with slight diffuse scattering. It can be seen that
the thickness of the η′ precipitates are 1.5–2 nm and the radii are 4–6 nm. The sample
I also contains disc-like η precipitate with a thickness of 4.3 nm and a radius of 4.9 nm.
Figure 6b–e shows the HRTEM images of samples II, III, IV and V, respectively, which
indicate that both the η′ and η phases exist in the samples. As the temperature increases, the
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precipitate size becomes gradually larger. When the temperature reaches 175 ◦C (Figure 6e),
the thickness and radius of the η′ precipitate are 3 nm and 11.5 nm, respectively. Besides,
the grown η precipitate with 33 nm in radius and 11.8 nm in thickness could also be
observed. The corresponding inverse FFT image shown in Figure 6h,i,g are larger versions
of the white solid frame in Figure 6h and the yellow dashed frame in Figure 6i, respectively.
Apparently, the clearer observation in Figure 6g shows the significant lattice distortion due
to the non-coherency between the η phase and the α-Al matrix [21,27,29,30].
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image of (e), and (i) is from the white solid frame in (h).

Based on the classic orientation relationship between the η phase and the α-Al matrix,
that is, (0001)η//{111}Al, (1010)η//{110}Al [31,32], there exist four types of equivalent
variants of the η phase on the {111}Al plane. As Figure 7a shows, four circular disc-like η

phases with the same thickness and diameter maintain their (0001)η habit planes parallel
to four equivalent {111}Al planes, which can be defined as V1–V4 variants, respectively. As
shown in Figure 7b, when observed from the [110]Al orientation, V1 and V2 variants are
edge-on while V3 and V4 variants turn out to be elliptical. In combination with Figure 6,
it can be indicated that, when the temperature is lower than 100 ◦C, the η precipitates
in the alloy are mainly V3 and V4. V1 and V2 become the main η precipitates when the
temperature range is 125–175 ◦C.

3.3. Precipitate Parameters Characterization

Since the precipitate size plays an important role in the mechanical properties of Al
alloys [20,33], we measured over 1000 precipitates per sample to ensure accuracy. The
corresponding statistical result of the precipitate size is shown in Figure 8. The radii of
most precipitates (~71%) in sample I (Figure 8a) are in the range of 4–8 nm with ~18%
of them larger than 8nm and ~11% smaller than 4 nm. The average precipitate radius is
6.27 ± 1.05 nm with a distribution range of 1–14 nm.
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As for sample II, there exist larger sizes of precipitates with radii larger than 14 nm
occupying about 10%. The number fraction of the precipitates with radii less than 8 nm
drops to 4.5%. The average precipitates radius increases to 9.61 ± 0.94 nm, and the size
distribution range becomes 0–24 nm.

Figure 8c displays the distribution of precipitate size in sample III. The result shows
that the number fraction of the precipitates with the radius range of 9–24 nm reaches ~78%,
while the number fraction of precipitates with the size below 9 nm is only ~2%, and that of
a size larger than 22 nm is about 5%. The radius range of all the precipitates is 4.5–48 nm.
Furthermore, the mean radius of the precipitates reaches 17.42 ± 2.18 nm.

When the temperatures reaches 150 ◦C and 175 ◦C (Figure 8c,d), the precipitate size
increases rapidly. The average precipitate radii in samples IV and V reach 29.58 ± 3.79 nm
and 37.29± 4.76 nm, respectively, and the radius distribution range also expands obviously.

Additionally, the precipitate volume fractions (fv) in the specimens are shown in
Figure 9a, which were calculated by the method in Refs. [20,34,35]. The resulting volume
fractions of the precipitates of the samples I–V are 2.04%, 1.35%, 0.33%, 0.08% and 0.06%,
respectively. Moreover, according to the previous work by Deschamps [36], the number
density (N) of the precipitates can be calculated by N = 3fv/4¦Ðr3, where r refers to the
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precipitate radius. Figure 9b presents the results of precipitate number density in the
samples I–V. It is seen that the precipitate number density also decreases as the temperature
increases.
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3.4. Evolutions of Precipitate Morphology

Figure 8 shows the radius distributions of all the precipitates in the different sam-
ples. The SAED patterns in Figure 5 indicate that the samples contained both η′ and η

precipitates. Along the <110>Al zone axis, metastable η′ precipitates exhibit a plate-like
shape while stable η precipitates are always disc-like or platelet-like in shape due to their
orientations [37–39]. It is generally acknowledged that the size distributions of η′ and η

phases have a significant effect on hardness of Al-Zn-Mg-Cu alloy [29,33,40]; hence it is
necessary to obtain an enormous amount of statistical data in order to analyze the size
distribution of η′ and η phases.

In the present study, over 60 HRTEM images per sample were measured. The statistical
results are presented in Figure 10. For sample I (Figure 10a), the main phase is fine η′

precipitates. The radii of η′ phase are in the range of 2–13 nm, but their thickness is smaller
than 3 nm, which further indicates that the morphology of the η′ phase in the sample is
platelet. When the heat treatment temperature reaches 100 ◦C (sample II), the number of
η′ phase decreases compared with that of sample I. The distribution ranges of precipitate
radii and thicknesses also expand. As presented in Figure 10c–e, with the temperature
increasing, the number of η′ precipitates decreases while that of the η precipitates increases
gradually. Besides, both the radius and thickness of η precipitates become larger and larger.
The average radius of the precipitate is consistent with the statistical result in Figure 8. The
above results further confirm that there is a phase transformation from η′ to η precipitates
during the heat treatment.

In order to understand the relationship between the hardness of the alloy and the
morphology of the precipitates, the aspect ratio (radius-thickness ratio) of the precipitate is
analyzed, which is defined as:

R =
1
n

n

∑
1

ri
ti

, (1)

where n represents the total number of precipitates, ri and ti are the radius and thickness of
the precipitate i, respectively. The average aspect ratios of the precipitates in the samples
I–V are shown in Figure 11. The aspect ratio–temperature curve matches well with the
hardness–temperature one, which reveals that the hardness of the alloy changes along with
the radius–thickness ratio. The result shows that the aspect ratio decreases continuously as
the temperature increases, since more and thicker η precipitates form during the thermal
exposure and tensile tests. Consequently, the hardness of the alloy also decreases.
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3.5. Discussion

The usual precipitation sequence of Al-Zn-Mg-Cu alloys has been known as: super-
saturated solid solution (SSSS) → GP zones → η′ phase → η phase [41–43]. The above
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results show that the main precipitates in the samples I-V are η′ and η phases. The
number of η precipitates gradually increases as the temperature rises and the η phase
becomes the dominant one after thermal exposure and tensile tests at 125 ◦C and above
(Figures 5 and 10).

After T7452 heat treatment, sample I contains both semi-coherent η′ and incoherent
η precipitates with an average radius of 6.27 ± 1.05 nm (Figure 8a). Generally speaking,
in 7xxx series Al alloys, the strengthening mechanism of either bypassing or cutting
precipitates is determined primarily by the precipitate radius [40,44]. Our previous research
shows that when the precipitate size reaches 3 nm, the shearing mechanism of the 7085 Al
alloy transforms to the Orowan bypassing mechanism [20]. For 7085-T7452 alloy, the
number fraction of precipitates greater than 3 nm in radius is 95%, hence it is difficult for
dislocation to cut theses precipitates. As a result, the bypassing mechanism is a preferred
choice for dislocation to strengthen the alloy. The strengthening effect ∆τbypass can be
described as:

∆τbypass = α fv
1/2r−1, (2)

with
α = (3/2π)1/2bµ, (3)

where ∆τbypass represents the bypass stress increment, fv represents the volume fraction
of the precipitates, r represents the average radius of the precipitates, b = 0.284 nm is the
magnitude of the matrix Burgers vector, and µ = 42.5 GPa is the shear modulus mismatch
between the matrix and the precipitates [45,46]. Hence, α is 8340 MPa·nm. So Equation (2)
can be written as:

∆τbypass = 8340 fv
1/2r−1. (4)

HRTEM images for sample II along the <110>Al orientation in Figure 12 show the
relationship between precipitates (η′ and η) and dislocations. The lenticular η′ precipitates
can be observed in Figure 12a. The flank of the platelet is parallel to {111}Al matrix. As
shown in Figure 12b,c, the different types of dislocations in the inverse FFT images are due
to the migration and reaction of dislocations from multiple slip systems [31]. According to
the result of the corresponding FFT pattern in Figure 12d, the elliptical phase (V3 or V4)
was considered to be an equilibrium η precipitate. Figure 12e,f shows the corresponding
inverse FFT images, which also indicate that the precipitates can strengthen the alloy after
being heat treated at different temperatures through the Orowan bypassing mechanism.

Figure 8b–e shows that the average precipitate radius increases and the corresponding
size distribution expands as the temperature increases. For sample II, the average precipi-
tate radius reaches about 9.61 nm and the corresponding radius distribution is 0–20 nm.
As the temperature increases to 175 ◦C (sample V), the average precipitate radius reaches
about 37.29 nm and the size distribution expands to 20–100 nm. So, the strengthening effect
can also be calculated by Equation (4), which reveals that the bypassing stress increment
is in direct proportion to the precipitate volume fraction but inversely proportional to
the precipitate radius. Table 3 summarizes the precipitate parameters of the specimens
after various heat treatments. The results clearly show that the precipitate volume fraction
decreases with increasing temperature.

Figure 13 shows the increment in the yield strength of the samples. The calculated
results show that the strengthening effect is weakened continuously with the temperature
increasing. So, the yield strength of the alloy decreases continuously as the temperature
increases, as shown in Figure 3.
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The microstructure of the Al-Zn-Mg-Cu alloy can greatly affect its electrical conduc-
tivity, which is determined by the scattering of electrons [47]. During the thermal exposure
and tensile tests treatment, the phases gradually precipitate from the α-Al matrix, which
could result in both reduced lattice distortion and decreased inner stress. Therefore, it is
much easier for the electron motion, which could effectively improve the electrical proper-
ties of the alloy plate. As the temperature and time increase, the precipitation and growth
of the phases become more sufficient, hence the electrical conductivity increases [21]. In ad-
dition, as shown in Table 3, the precipitate radius increases while both the number density
and volume fraction decrease with the increasing temperature. This phenomenon could
further reduce the lattice defects scattering electrons; as a result, the electrical properties of
the 7085 Al alloy thick plate increase [48].

In summary, the 7085 Al alloy mainly contains η′ and η precipitates at the T7452 state,
and the corresponding average size is 6.27 nm. The dominant strengthening mechanism is
the Orowan bypassing precipitates. Along with the rise of thermal exposure and tensile
test temperature, the number of η precipitates increases and the precipitates (η′ + η) also
gradually become larger. Hence the Orowan bypassing mechanism has a stronger impact
on the overall strengthening result and achieves the most noticeable influence when the
temperature is 175 ◦C. The calculated results of the increment in yield strength show
that the strengthening effect is weakened continuously as the heat treatment temperature
increases. Accordingly, the yield strength decreases continuously.

4. Conclusions

In this work, the hardness, electrical conductivity and tensile properties of the 7085 Al
alloy thick plate were investigated after thermal exposure and tensile tests at different
temperatures, and the corresponding microstructure evolutions were studied in detail. The
main conclusions can be summarized as follows:

(1) The influence of thermal exposure and tensile test temperature on the hardness
and electrical conductivity is much stronger than that of the thermal exposure and tensile
test duration;

(2) The strength of the alloy decreases continuously as the heat treatment temperature
increases. The η′ phase transforms into the η phase constantly during the thermal exposure
and tensile tests processes. The increase of the equilibrium η phase is the main reason for
the decrease of strength;

(3) The transformation temperature of the η phase in the alloy from V3 and V4 variants
to V1 and V2 ones is 125 ◦C;

(4) As thermal exposure and tensile test temperature increases, the average precip-
itate radius increases while the volume fraction and number density decrease. So, the
strengthening effect is weakened continuously.
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