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Abstract: The influence of solid solution treatment (SST), artificial aging treatment (AAT), and deep
cryogenic-aging treatment (DCAT) on the mechanical properties and microstructure evolution of
6082 aluminum alloy was investigated. The tensile test was performed to obtain the true stress–strain
curves through an electronic universal testing machine. The results show that the yield strengths
of the SST specimens in all three directions are the lowest, of less than 200 MPa. In addition, the
maximum elongation of the SST specimen is over 16% and the value of in-plane anisotropy (IPA) is
5.40%. For the AAT specimen, the yield strengths of the AAT alloy in three directions have distinct
improvements, which are beyond 340 MPa. However, the maximum elongation and the IPA were
evidently reduced. The yield strength and elongation of the DCAT alloy exhibit a slight enhancement
compared with those in the AAT condition, and the corresponding IPA is 0.61%. The studied alloy
specimens in all conditions exhibit ductile fracture. The DCAT alloy has the highest density of
precipitates with the smallest size. Therefore, the dislocation pinning effect of the DCAT specimens
are the strongest, which exhibit the highest yield strength accordingly. In addition, the uniformly
distributed precipitates in the matrix with a large ratio of long and short axes can suppress the
anisotropy caused by elongated grains.

Keywords: 6082 aluminum alloy; heat treatment; mechanical properties; anisotropy; microstructure

1. Introduction

As one of the most potential materials in recent decades, aluminum alloy has the
advantages of high specific strength, low density, and convenient recycling [1–3]. Among
them, 6000 series aluminum alloys also demonstrates preferable forming performance,
excellent processing properties and satisfactory corrosion resistance [4]. Thus, it plays an
important role in social economic development and the manufacturing of parts, especially
in the automotive industry [5]. Automobile components such as luggage racks, bumpers,
wheel fenders, and so on are fabricated using 6000 series aluminum alloys [6,7]. In addition,
the application of aluminum alloy material in automobile body structures is one of the
most important approaches to realize lightweight vehicles. However, in the process of
producing medium–high-strength 6000 series aluminum alloy by adopting traditional heat
treatment methods, scientists and engineers still encounter some obstacles to achieve an
optimal combination of strength, plasticity, and uniformity. This problem not only reduces
the service performance of the relevant aluminum alloy components, but also limits the
further extension of the material application field. Therefore, it is of great significance to
study the mechanical properties and microstructure evolution of aluminum alloy under
different heat treatment processes.

The main components of 6000 series alloy are Al, Mg, and Si elements. The mechanical
properties of this alloy can be strengthened by a heat treatment process [8,9]. Therefore, it
is crucial to study the effect of heat treatment on mechanical properties and the microstruc-
ture evolution of aluminum alloy materials. Generally speaking, the aluminum alloy can
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obtain a favorable mechanical property through solid solution treatment (SST) and aging
treatment. During the SST process, the second-phase particles in the alloy can be dissolved
into the aluminum matrix; meanwhile, the solute atoms return to the aluminum matrix.
Therefore, aluminum alloy turns into a supersaturated state. Subsequently, adopting differ-
ent aging processes, precipitation will occur in the supersaturated matrix. The precipitates
can effectively improve the strength of aluminum alloy [10]. Artificial aging treatment
(AAT) is recognized as one of the most effective heat treatment methods. During the AAT
process, the aging time and temperature have significant influences on the mechanical
properties of aluminum alloy [11,12]. The typical precipitation sequence of 6000 series
aluminum alloys during the artificial aging process is α (SSSS)→GP (Guinier Preston)
zone→β′′→β′→β; the α (SSSS) signifies a supersaturated solid solution [13]. It is well
known that the type, size, shape, and distribution of the precipitates have a significant influ-
ence on the comprehensive mechanical properties of 6000 series aluminum alloys. In order
to obtain the appropriate mechanical properties, peak aging treatment is usually employed,
in which the range of aging temperature is 160~200 ◦C and the aging time is 6~10 h. Kang
et al. [14] studied the mechanical properties of Al–11Si–0.5Mg alloy with solution treatment
at 520 ◦C/1.5 h. It was reported that the acicular eutectic silicon decomposed into spherules,
and Mg2Si dissolved into the matrix. The yield and tensile strengths of the studied alloy
are 126 MPa and 245 MPa, respectively. However, after AAT, yield and tensile strengths
reached 239 MPa and 290 MPa unexpectedly. Yin et al. [15] investigated the influence
of different aging treatment processes on the mechanical properties and microstructure
evolution of 6005 aluminum alloy sheets. They found that the strengthening effects of
pre-aging treatment in 80 ◦C and 100 ◦C are less than that in 120 ◦C, and the hardness value
of the alloy is positively related to the artificial aging time. The influence of heat treatment
parameters on the hardness was studied in reference [16]. The results show that under
the parameters of 550 ◦C/0.5 h solution treatment and 165 ◦C/8 h aging treatment, the
maximum hardness can be obtained.

In addition to high-temperature treatment, the deep cryogenic treatment process has
been proven to be a very effective method to strengthen the mechanical properties of
metal materials, in which an ultra-low-temperature atmosphere (generally below −100 ◦C)
is provided. The deep cryogenic treatment process is capable of controlling the lattice
structure and alloy microstructure. Thus, it has great potential for improving the strength
of an alloy. It is of extreme significance to realize the extension of the application range of
alloy materials. To develop high-strength aluminum alloys, reference [17] investigated the
influence of deep cryogenic treatment on the mechanical properties and microstructure
of Al–Cu–Mg–Ag alloys. The results show that after 1 h deep cryogenic treatment, the Ω
phase is evenly distributed in the alloy matrix with a small size, and the alloy properties
were improved compared to that without deep cryogenic treatment. To explore the effect
of deep cryogenic treatment on precipitation behavior, Klug et al. [18] conducted a series of
heat treatment processes on Al–Mg–Si alloy. They found that the density of the precipitate
became denser with the deep cryogenic treatment, which affects the hardness of the studied
alloy. Huang et al. [19] studied the influence of deep cryogenic treatment on the aging
process of Al–0.43Mg–1.27Si alloy. The results show that deep cryogenic treatment can
provide more uniform nucleation points in the GP region and promote the formation
of a β′′ phase; thus, the strength of the material improved. In addition, it can promote
the precipitation of Si phases. This is the reason for the improvement in hardness. In
summary, deep cryogenic treatment can change the microstructure of an alloy and improve
its comprehensive properties.

In the fabrication industry, forming methods such as rolling, extrusion, and stamping
are usually adopted to manufacture aluminum alloy components. However, compared
with cast aluminum alloys, the anisotropic mechanical properties of alloys fabricated by the
plastic forming process are more distinct. Barnwal et al. [20] found that cold-rolled 6061 alu-
minum alloy sheets show obvious anisotropy in the mechanical properties and formability.
This is mainly due to the preferred crystal orientation formed in the cold rolling process of
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the sheet. The research results in reference [21] show that for cold-rolled Al–Mg–Si alloys,
the strength and elongation of alloy specimens 0◦, 45◦, and 90◦ to the rolling direction show
obvious anisotropy. The brass texture formed during the cold rolling process accounts
for the anisotropy of mechanical properties. Qiu et al. [22] investigated the mechanical
properties of an extruded 6082 aluminum alloy sheet. The results show that the elongated
grain is able to trigger mechanical anisotropy. Liu et al. [23] investigated the mechanical
properties and microstructure of 6061 aluminum alloy sheets. The results demonstrate
that the studied alloys with different aging states show mechanical property anisotropy;
they indicated that the characteristics of the precipitates had an impact on the mechanical
property anisotropy of the material. From the above explanation, it can be concluded that
the main factors that can affect the anisotropy of the alloy include crystal texture, grain
morphology, and precipitate characteristics. All factors mentioned above are closely related
to the heat treatment process. In different heat treatment processes, the grain, precipitate,
and texture of the material will exhibit distinct differences. These factors will determine
the mechanical properties and anisotropy behavior. Therefore, to further improve the
performance of products and explore the potential of aluminum alloy, it is of profound sig-
nificance to investigate the mechanical properties, anisotropy, and microstructure evolution
mechanism of 6082 aluminum alloy under different aging processes.

In the present study, the anisotropic tensile behavior and microstructure evolution
of 6082 aluminum alloy were studied, employing an electronic universal testing machine,
optical microscope (OM), and transmission electron microscopy (TEM). The aim was
to reveal the relationship between mechanical properties response and microstructure
evolution. The research results will guide the structural design and process parameter
optimization of 6000 series alloy products.

2. Description of Materials and the Experimental Method

The rolled 6082 aluminum alloy sheet with a 3 mm thickness was selected to conduct
the experiment. The chemical compositions are presented in Table 1.

Table 1. Chemical composition of the 6082 aluminum alloy sheet (wt. %).

Element Fe Cu Si Cr Mg Mn Zn Ti Al

wt. % 0.1 0.2 0.89 0.1 0.75 0.43 0.02 0.09 Balance

The specimens for tensile test were machined using a wire cutting machine. According
to the requirements of the ASTM standard [24], the shape and size of the tensile specimen
were prepared, as shown in Figure 1. As can be seen in Figure 1a, the length, width,
and thickness of the specimen are 100 mm, 10 mm, and 3 mm respectively. As shown in
Figure 1b, the direction of the specimen is 0◦, 45◦, and 90◦ along the rolling direction.

The solution treatment and artificial aging treatment were conducted in a muffle
furnace and oil bath furnace. The heat treatment processes of the specimen are presented
in Figure 2 and Table 2. The specimens were divided into three batches. The first batch of
specimens was treated with the solid solution at 535 ◦C/1.5 h, and then water quenching
was carried out. The specimen in this batch was called the SST specimen. The second
batch of specimens was artificial aging treated at 180 ◦C/8 h after SST. Subsequently, an air
cooling method was utilized to cool the specimen, which was named the AAT specimen.
The third batch specimen was first SST-treated, then the deep cryogenic treatment was
carried out at −196 ◦C/24 h, followed by 180 ◦C/8 h artificial aging treatment. In the
current study, it was called the deep cryogenic-aging treatment (DCAT) specimen.
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Figure 2. The illustration of the heat treatment process.

Table 2. Parameters of the heat treatment processes.

Type Solution Treatment Deep Cryogenic Artificial Aging

SST 535 ◦C/1.5 h; water quenching - -
AAT 535 ◦C/1.5 h; water quenching - 180 ◦C/8 h

DCAT 535 ◦C/1.5 h; water quenching −196 ◦C/24 h 180 ◦C/8 h

After heat treatment, all specimens were polished with sandpaper. Subsequently, the
tensile experiment was carried out using an Instron universal testing machine at room
temperature (about 25 ◦C) with a strain rate of 0.001 s−1. In order to guarantee the accuracy
of the experimental results, three repetitive tensile tests were conducted for each condition.
The stress–strain curves are the average results of three effective curves.
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The microstructure characterization areas of the specimen are shown in Figure 3. For
the scanning electron microscopy (SEM) specimen, a small area of the tensile specimen
was cut near the fracture to observe the fracture morphology. Before SEM observation,
the specimen was cleaned with alcohol. The fracture morphology was observed using an
EVO-18 scanning electron microscope. In order to prepare the optical microscope (OM)
observation specimen, a small part of the tensile specimen near the fracture was cut. Then,
the specimen was ground by sandpaper with 600#, 1000#, and 2000#, respectively. The
polished specimen was utilized to obtain a scratch-free surface. Subsequently, electrolytic
corrosion by anodic coating was carried out. The electrolyte was a 5% (volume fraction)
fluoroborate aqueous solution. During the anodic coating process, the voltage was 20 V, and
the electrolysis time was 1~3 min. Finally, the AX10 Zeiss metallographic microscope was
employed to observe the specimen and capture the OM results. For preparing transmission
electron microscopy (TEM) specimens, a thin slice was taken near the fracture surface of
the tensile specimen. The thin slice specimen was then mechanically thinned to 0.07 mm.
Then, a wafer specimen with a 3 mm diameter was punched out. Subsequently, via the
MIP-1A magnetic drive double spray thinning instrument, the specimen was thinned
and perforated. During the double spray process, the solution was a methanol–nitric
acid solution with a volume ratio of 7:3, and the temperature was set at −30 to −20 ◦C,
accompanied by 20 V voltage. Finally, the specimen was observed with Tecnai G2 F20
(provided by FEI Company from the Hillsboro, OR, USA) transmission electron microscopy.
The operating voltage of the TEM was 200 kV.
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3. Experimental Results and Discussion
3.1. True Stress–True Strain Curves

Figure 4 exhibits the true stress–strain curves of 6082 aluminum alloy after different
heat treatment processes. The curves were acquired by tensile test at room temperature
and at a strain rate of 0.001 s−1. In the initial stage of tensile deformation, the specimens
underwent elastic deformation. In general, the true stresses of the alloy experienced a rapid
increase. As shown in Figure 4a, is the true stress–true strain curves of the as-received
6082 aluminum alloy sheet. The yield strengths of the alloy were 286 MPa, 277 MPa,
and 281 MPa along the 0◦, 45◦, and 90◦ directions, respectively. Through comparison of
Figure 4b–d, it can be found that the yield strengths of 6082 aluminum alloy with SST are
comparatively lower. The yield strengths in all three directions were less than 200 MPa.
However, the yield strengths of AAT and DCAT specimens were over 330 MPa.
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With continuing tensile deformation, the alloy enters the plastic deformation stage;
microstructural evolution is the result of competition between hardening and softening
effects. During this stage, the work hardening effect plays a leading role, which is caused
by the rapid proliferation and congestion of dislocations [25], and the effect of dynamic
softening is not sufficient. The dislocation annihilation caused by dynamic softening cannot
offset the dislocation generation caused by work hardening. Thus, in all conditions, the true
stress maintains an increasing tendency. The growth trend of the true stress was relatively
gentle for AAT and DCAT specimens, compared to that of the SST specimen. Namely,
the effect of strain strengthening on SST specimens was remarkable. After reaching the
tensile strength, specimens in all conditions entered the instability stage. As the amount
of tensile deformation further increased, the specimen went through the fracture failure
stage. The corresponding elongation of the as-received alloy was between 10% and 15%.
The elongation of the SST specimen was the highest, above 16%, while elongations of the
AAT and DCAT specimens were less than 10%.

The anisotropic mechanical properties of the alloy can be revealed by the relationship
between the yield strength and the specimen orientation, as presented in Figure 5. It can be
seen that for SST specimens, the yield strength showed a V-shaped along with the increasing
angle. The yield strengths at 0◦ and 90◦ reached 195 MPa and 196 MPa, respectively, while
that at 45◦ was only 172 MPa. For as-received, AAT, and DCAT specimens, yield strengths
in three directions showed little difference, and the relationship between yield strength
and angle showed a parallel trend. The yield strengths of AAT specimens were 344 MPa,
343 MPa, and 341 MPa for 0◦, 45◦, and 90◦ specimens, respectively. In the DCAT condition,
the yield strengths were 347 MPa, 348 MPa, and 350 MPa, respectively.
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In order to quantify the anisotropy of mechanical properties, an indicator of IPA (in-
plane anisotropy) is generally adopted to describe the anisotropy of mechanical properties
of aluminum alloy sheets [26]. It can be formulated as:

IPA =
2YS(0)− YS(45)− YS(90)

2YS(0)
× 100% (1)

where YS(0), YS(45), and YS(90) are the yield strengths of specimens in 0◦, 45◦, and 90◦

directions at room temperature. The IPA values with different heat treatment conditions
are exhibited in Table 3. It can be observed that the IPA value of the as-received alloy
is 1.58%. The IPA value in the SST condition is the highest, reaching 5.40%, and the IPA
values in AAT and DCAT conditions are 0.58% and 0.61%, respectively. In the AAT and
DCAT processes, high volume fractions of precipitates were formed; during the slips of
dislocation, the dislocations bypass the precipitates, and the number of slip systems will
increase accordingly. The slip mechanism is transformed from coplanar slip to cross slip.
This will result in the homogenization deformation of the alloy. As a consequence, the
anisotropy of yield strength caused by the elongated grains of the aluminum alloy can be
suppressed [27].

Table 3. The IPA values (%) of the 6082 aluminum alloy with different heat treatment conditions.

Condition As-Received SST AAT DCAT

IPA (%) 1.58 5.40 0.58 0.61

3.2. Fracture Morphology

Figure 6 shows the fracture morphology of the deformed specimens in different
directions with different heat treatment processes. It can be concluded from Figure 6
that the studied 6082 aluminum alloy showed typical ductile trans-granular fracture. A
great number of dimples appear at the fracture, and the plastic deformation modes in
different conditions are mainly dislocation slips. Figure 6a–c show the tensile fracture
morphology with SST condition at 0◦, 45◦, and 90◦ respectively. The fracture characteristics
of the specimens in the three directions are consistent. A large number of dimples can
be found, and dimples are very deep with a large size, indicating that the alloy has an
excellent plastic deformation ability. Figure 6d–i show the tensile fracture morphology
with AAT and DCAT conditions at 0◦, 45◦, and 90◦ respectively. It can be seen that the
dimples become shallower with a smaller size. Thus, it can be concluded that both AAT
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and DCAT processes suppress the plastic deformation ability of the alloy. The reason is that,
during the aging process, a large amount of precipitates are formed. The precipitates will
hinder the movement of dislocation [28–30]. This may form a potential stress concentration
point. As a result, the tensile specimens are prone to failure. In addition, during the tensile
process at room temperature, the dislocation accumulates and multiplies within the grain
or at the boundary of a coarse second phase. Those locations tend to form new local stress
concentration points and lead to the initiation of micro-cracks. As the growth of tensile
deformation amounts, the micro-cracks continue to expand and converge to form the main
crack. Finally, it triggers the fracture of the alloy materials.
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According to reference [31], the elongated grain will result in anisotropy of the material. 
The density of the grain boundary varies at different loading directions; the 0° direction 
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Figure 6. The fracture morphology of 6082 aluminum alloy with different heat treatment conditions:
(a) SST 0◦; (b) SST 45◦; (c) SST 90◦; (d) AAT 0◦; (e) AAT 45◦; (f) AAT 90◦; (g) DCAT 0◦; (h) DCAT 45◦;
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3.3. Microstructure Observation

Figure 7 shows the grain distribution of the 0◦ specimen under different heat treatment
conditions before tensile tests. It can be seen that under the effect of external force, all
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the grains are distributed along the rolling direction, showing elongated grains. The
initial grain distributions with different heat treatment conditions show little difference,
and the average width of elongated grain is about 10 µm. Thus, the heat treatment
parameters adopted in the current study have little effect on the grain size and morphology.
According to reference [31], the elongated grain will result in anisotropy of the material.
The density of the grain boundary varies at different loading directions; the 0◦ direction has
the highest density of grain boundary, resulting in higher deformation resistance. However,
the accumulation of the dislocations cannot relax the stress concentration caused by the
dislocations, making the material more prone to fracture under external forces and resulting
in poor plasticity in the 0◦ direction. The strength is relatively high along the direction
of the elongated grain, while the strength in the 45◦ direction from the elongated grain is
relatively lower. In the current study, the mechanical properties of SST specimens conform
to this tendency. However, after aging treatment, the anisotropy trend was weakened. The
reason will be discussed subsequently.
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The grain structures of the specimens around the tensile fracture surface with different
heat treatment conditions are shown in Figure 8. As shown in Figure 8a–c, the plastic
deformation ability of the alloy is greatly improved by the SST process, which manifests
with the higher elongation. The grain structures of the specimens are significantly elongated,
and shear fracture occurs along the 45◦ direction of the specimen at the fracture point. For
AAT and DCAT specimens, the deformation of the grain is lower than that of the SST
specimen, indicating a decrease in deformation ability. Comparatively, the fracture of the
SST specimen has a smooth transition, while the fractures of the AAT and DCAT specimens
show obvious zigzag patterns. It also demonstrates a poor plastic deformation ability of
AAT and DCAT specimens.
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Figure 8. The microstructure near fracture of the 6082 aluminum alloy with different heat treatment
conditions after the tensile experiment (a) SST 0◦; (b) SST 45◦; (c) SST 90◦; (d) as-received 0◦; (e) AAT
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Figure 9 shows TEM images of the 6082 aluminum alloy with different heat treatment
conditions before the tensile test. After different heat treatment processes, the size and
density of precipitates in the aluminum alloy matrix are different. As shown in Figure 9a,
in the as-received alloy, a certain number of needle-like β′′ precipitates are observed. The
number density is 1575/mm2. In the SST specimen, no obvious precipitates are apparent
in Figure 9b; they dissolved into the matrix during the SST process. For AAT and DCAT
specimens, the needle-like β′′ precipitates are uniformly distributed with a high density, as
shown in Figure 9c,d. The number densities for AAT and DCAT specimens are 3350/mm2

and 4850/mm2, respectively. A similar result was reported by Miao et al. [32]. It is
acknowledged that precipitates can restrict the motion of dislocations by glide in the slip
planes of matrix; dislocation climbing is a thermally activated process [33]. In addition,
after deep cryogenic treatment, the density of precipitates increases, and the distribution of
precipitates becomes more uniform. There are two reasons for this phenomenon. Firstly, the
cryogenic temperature induces the shrinkage of the lattice and lattice constant, which results
in an increase in supersaturation of the solute atoms. Therefore, the driving force of solute
atom precipitation is improved. Secondly, at deep cryogenic temperature, the equilibrium
concentration of vacancy in the alloy is low. A long-term low-temperature atmosphere
not only further reduces the vacancy concentration, but also promotes the precipitation of
solute atoms [34]. It is expected that the stress required for passing dislocations would be
improved with an increase in the density of precipitates and a decrease in the mean free
path for dislocation motion. The results show that the anisotropy of mechanical properties
can be reduced by small precipitates [35]. The habitus plane of the β′′ phase is along the
<100> direction. It uniformly precipitated within the grain with a large ratio of long and
short axes. During tensile deformation, the interaction between dislocation and precipitates
varies at different heat treatment conditions. The anisotropy caused by elongated grains is
partially suppressed. The high densities of precipitates in AAT and DCAT specimens are
the main reason for the higher strength and lower anisotropy of the studied alloy. Therefore,
for the SST specimen, there are no obvious precipitates in the matrix and its anisotropy is
outstanding. For the AAT and DCAT specimens, with the distinct increase in precipitate
density, its inhibition effect on anisotropy is further increased.
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Figure 10 shows TEM images of 6082 aluminum alloy with different heat treatment
conditions after the tensile test. It can be seen that specimens with different heat treatment
processes show relatively high density of dislocation after tensile deformation. It is reported
that the dislocation density is affected by the size and distribution of precipitates [36]. The
precipitates in AAT and DCAT alloys have an excellent strengthening effect. In the process
of tensile deformation, it can effectively hinder the movement of dislocation. Therefore, as
shown in Figure 10c,d, it induces the phenomenon of dislocation accumulation and leads
to a relatively high dislocation density. For the as-received alloy, the number density of the
precipitate is lower than those of AAT and DCAT. Therefore, the density of the dislocation
shows a declining trend in Figure 10a. Compared with as-received specimens, as shown in
Figure 10b, the dislocation density of SST specimens is relatively lower, because there are
no obvious precipitates in the matrix.
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Figure 10. TEM images of the 6082 aluminum alloy with different heat treatment conditions after the
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4. Conclusions

The tensile behaviors of 6082 aluminum alloys with different heat treatment conditions
have been explored. The microstructure mechanism for the strengthening effect and
anisotropic mechanical properties have been investigated and analyzed. The conclusions
are as follows:

1. The yield strength of 6082 aluminum alloy after artificial aging treatment is signifi-
cantly higher than that of solid solution treatment alloy; the yield strengths in three
directions are around 340 MPa, because the precipitates in the matrix can effectively
pin the dislocation and improve the deformation resistance. The yield strength of the
6082 alloy treated by the deep cryogenic aging process is slightly higher than that of
artificially aged alloy because deep cryogenic treatment can promote the nucleation
and precipitation of precipitates.

2. The studied alloys in three different heat treatment conditions show ductile fracture
characteristics. The elongation of the solid solution treatment alloy is over 16%; the
fracture dimples are deep with high quantity. The elongation of artificially aged and
cryogenic aged alloys is lower, and the dimple is shallower with a smaller size. The
precipitates are potential stress concentration points during the tensile deformation
process, which may lead to failure of the material.

3. The solid solution alloy shows obvious mechanical properties of anisotropy, which is
caused by the elongated grain. The anisotropy of artificially aging and deep cryogenic
aging treatment alloys is not obvious. The reason is that the precipitates has a habitus
plane; the large ratio of long and short axes during plastic deformation can inhibit the
anisotropy caused by elongated grains.
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