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Abstract: The hot deformation behavior of the heat-treated AA6061 and AA 6063 aluminum alloys by T6-1, T6-2
artificial aging treatment, and O annealing treatment were studied by compression testing over a temperature range
0f 350-550°C and strain rates of 0.005-0.1 s7. It was observed that the flow stresses of the studied aluminum alloys
treated by the T6-1 and T6-2 heat treatments were significantly higher than those of the O annealing treatment.
Moreover, the stress-strain curves of the heat-treated alloys by the T6-1, T6-2, and O heat treatments demonstrated
significant softening during deformation at the lowest strain rate under any of the deformation conditions. For
several strains, the activation energy of hot deformation was specified and obtained to vary significantly with strain
for the heat-treated alloys by the T6-1 and T6-2 treatments. The stress-strain data calculated from a linear equation,
with strain-dependent parameters, shows a great fit with the experimental data for the heat-treated aluminum alloys.
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1. INTRODUCTION

Over the years, the 6xxx series aluminum alloys
with precipitation-hardening properties have had
an extensive applications in various industries
such as aerospace, automotive, and marine due to
their superior mechanical properties such as high
strength-weight ratio, low density, and excellent
weldability [1, 2]. For instance, the aluminum
alloys usage for typical automobile body parts can
offer a mass reduction of up to 50% compared to
steel. Nevertheless, as a consequence of their
weak formability at room temperature, their
applications have been restricted. To overcome
this problem, the process of forming at elevated
temperatures has been established due to their
significant formability under this condition [3].
The chemical composition, heat treatment
parameters, and production conditions have a
significant effect on the formability of aluminum
alloy. This implies that the properties of various
aluminum alloys can be manipulated through
special heat treatment processes. Accordingly, the
heat treatment can be carried out either through
solution heating or artificial aging. In the solution
heating process, the group 6xxx of aluminum
alloys are heated to a temperature range of 400-
500°C, before water quenching at ambient
temperature, while artificial aging or age
hardening is performed at a temperature range of

about 140 to 180°C [4-6]. The AA6061 and
AA6063 are composed of silicon and magnesium
as their main alloying elements. The alloys have
an acceptable welded ability and exhibit
acceptable mechanical properties. Therefore, they
are known as two of the most familiar aluminum
alloys having widespread general-purpose
applications [7]. In comparison to the aluminum
alloy, the thermal softening causes to readjust the
strain hardening and strain rate hardening of steel
alloy arising from the adiabatic temperature rise
during dynamic deformation [1]. The isothermal
holding of the steel at a temperature of 850°C
after the end of deformation makes further
microstructure refinement through meta dynamic
and static recrystallization [8].

About 80% of all metal products that consist of
aluminum alloys experience hot forming in some
steps of their processing history [9]. The hot
deformation processes are considered as key and
significant steps in the fabrication of engineering
parts that need not only dimensional accuracy but
also proper microstructural and mechanical
properties. Therefore, verification and prediction
of material response during hot deformation are
very significant and considerable. The Arrhenius-
type and Johnson-Cook (J-C) models are two
conventional in phenomenological constitutive
models [10-12]. The J-C model can forecast the
deformation behavior of nonferrous materials at
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elevated temperatures [13-15]. Many constitutive
equations developed in predicting and estimating
the thermomechanical behavior of aluminum
alloys use the Zener—Holloman parameter which
considers the effect of temperature and strain rate.
In this regard, Rezaei Ashtiani et al have reported
thermomechanical behavior of the AA1070,
AA2030, and AlICuMgPb, AA7022-T6 aluminum
alloys using the Zener-Holloman parameter in the
developed constitutive equation to predict and
calculate the hot flow stress of the mentioned
alloys [9, 16-18]. The effects of deformation
temperature, strain rate, strain are considered in
the Arrhenius-type model to predict the flow
stress of materials. Li et al. [19] investigated the
Arrhenius-type model of the hot flow behavior of
AA6082 aluminum alloy. Liu et al. [20]
characterized the flow behavior of Al-Mg-Si-Mn-
Cr alloy at elevated temperature and predicted by
the phenomenological and physical-based
models. Mostafaei et al. [21] proposed that the
DRV occurred during hot compression of Al-6Mg
and provided the Arrhenius model. Nayak et al.
[22] compared the Arrhenius, strain-compensated
Arrhenius, J-C, and modified J-C models of Al-
SiC composite in a broad range of strain rate and
temperatures. The hot deformation performance
of the material is commonly simulated by two
famous tests including hot tensile and hot
compression, due to their similarity to hot forging,
extrusion, and rolling processes [16, 23-25]. Hot-
working comprises several aspects such as
forging, rolling, and extrusion [26].

Material flow performance in hot forming
processes have complexity usually affected by
metallurgical phenomena like dynamic recovery
(DRV), work hardening, and dynamic
recrystallization (DRX) [9, 27]. It has been well
confirmed that the microstructure restoration of
alloys with high stacking fault energy (SFE) like
aluminum alloys is accomplished through a
variety of mechanisms such as DRV and DRX.
This has been investigated by numerous researchers
in the case of various aluminum alloys such as
AA6061, AA6063, and AAS052 alloys. The results
indicate the dominant effects of these mechanisms
on the restoration of the microstructure of the
aforementioned alloys [28-30].

Investigations reveal that the peak stress value
decreases with the increase in deformation
temperatures and decrease strain rates. Whereas
the true strain rate held fixed, the dynamic
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softening effect causing the decrease of stress was
clearer at higher deformation temperatures. At a
specified temperature, a higher strain rate leads to
higher peak stress [31]. Together with DR,
coarsening and dynamic precipitation give rise to
flow stress softening when deformation
temperature is low, while dynamic recovery and
dynamic recrystallization are the most important
reasons for the flow stress softening when
deformation temperature is higher for the alloys
after solution treatment [32, 33]. The uni-axial
compression tests at a temperature range of 25-
400°C and strain rates of 0.003, 0.03, and 0.3 s
had been utilized to study the flow stress behavior
of AA2017-10 vol% SiCp. The results show that
the dynamic strain aging takes place in AA2017
composite and consequently causes negative
strain rate sensitivity in warm deformation [34].
The precipitations and or second phase particles
have different and significant effect on the
recrystallization and softening or hardening
behavior of metallic materials depending on their
sizes and distribution of these particles [35-38].
Fine second phase particles can suspend
recrystallization by inflicting drag pressure on the
grain boundary migration which is known as the
Zener pinning effect [39]. Zener pinning plays a
significant role in  retarding  primary
recrystallization. Coarse particles consist of some
intermetallic phases formed during casting are
preferred sites for particle stimulated nucleation
(PSN) and accelerate recrystallization [40].
Eivani et al. developed an analytical model of
recrystallization combining grain boundary (GB)
and PSN in hot deformed Al-4.5Zn-1Mg
aluminum alloy. This research showed that the
critical size of particles to act as PSN sites is
strongly dependent on the strain rate and
deformation temperature, as the critical particle
size decreases particularly with increasing strain
rate (bigger than 5 s'!) at a specific deformation
temperature. Whereas the critical particle size
increases  significantly ~ with  increasing
deformation temperature at a given strain rate,
and also the number of nuclei decreases with
increasing  deformation  temperature  and
decreasing strain rate [41].

Although the impact of the hot deformation on the
precipitation kinetics during the subsequent
artificial aging has been studied, there are few
works published on the influence of the dynamic
precipitation on the hot deformation behavior of
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aluminum alloys. Moreover, there is less
published research on the hot deformation
behavior for AA6082 aluminum alloy under heat
treatment alloys [42]. Also, the constitutive
equations in most published works usually
include several constants that are calculated for
the peak stress value only, as they assume that the
flow stress is not dependent on the strain. For
some aluminum alloys, work softening occurs in
the course of hot deformation [34].

This research paper intends to investigate the
influence of heat treatment (age hardening of T6-
1, T6-2, and annealing of O) on the hot
deformation behavior of AA6061 and AA6063
aluminum alloys at different temperatures and
strain rates. In addition, the effect of dissimilar
factors including the annealing and aging heat
treatments, the deformation temperatures, and the
strain rate on the hot deformation features of
AA6061 and AA6063 (Al-Si-Mg) aluminum
alloys will be inspected via isothermal hot
compression tests.

2. MATERIALS AND EXPERIMENTAL
METHODS

The chemical compositions of the AA6061 and
AA6063 aluminum alloys extruded rod are shown
in Table 1 and Table 2, respectively.

Table 1. Chemical composition (wt.%) of the
AA6061 aluminum alloy.

Element| Al | Cr | Cu | Fe [Mg|Mn| Si | Ti | Zn

wt.% [97.5/0.15|0.23|0.24{1.08|0.03(0.62|0.01]|0.05

Table 2. Chemical composition (wt.%) of the
AA6063 aluminum alloy.

Elementf Al| Cr | Cu | Fe |[Mg|Mn| Si | Ti | Zn

wt.% [96(0.03/0.04/0.21/0.71]|0.04]0.46|0.02/0.01

A series of cylindrical samples were machined
from the extruded bars in the sizes of 14 mm and
21 mm in diameter and height, respectively. As it
is clear in Figure 1, the extruded samples were
heated in a furnace to the solution temperature of
520°C held for 2 hours, and subsequently
quenched into water. Quenching to room
temperature from the solution temperature

produces the supersaturated solid solution phase
(SSSP).
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Fig. 1. Schematic of artificial aging heat treatment
(T6-1 and T6-2 treatment) and annealing heat
treatment (O treatment) for (a) AA6061 and (b)
AA6063 aluminum alloys.

Then the specimens were subjected to artificial
aging at temperatures 140°C and 180°C up to 8 h
for AA6061 T61 or AA6063 T61 and AA6061
T62 or AA6063 T62, respectively. Slow cooling
is avoided after SSSP to prevent the separation of
equilibrium precipitate from solid solution. At
elevated temperature, the aging (artificial aging)
produces the non-equilibrium metastable or
transition phases such as Guinier-Preston (GP)
zones and hexagonal $” and B° (MgSi) which is
coherent to the matrix and strengthening occurs.
These B” and B° (MgySi) are coherent, unlike
incoherent equilibrium fce-f3 (Mg»Si) and they are
the sources of precipitation hardening or age
hardening of AA6061 and AA6063 aluminum
alloys. The age-hardenable precipitation
formation sequence in AA6061 and AA6063
aluminum alloys from SSSP to GP then 3" and 8,
and finally, B phase or Mg,Si as these were
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reported by other researchers [43-45].

The annealed AA6061 and AA6063 (AA6061 O
and AA6063 O) aluminum alloys are heat treated
to solution treatment at 520°C for 2 hours, then
cooled in the air to room temperature (Figure 1).
The microstructures of initial and deformed
specimens were examined by an optical
microscope (OM). To examine the region of the
metallographic study, the optical micrographs
were taken from the center of the specimens. The
samples were prepared for OM by mechanical
polishing and etching with a reagent that was used
for AA6061 and AA6063 is 25% HNO3, 25%
HCI, 50% warmed distilled water at different
temperature. The presence of friction changes the
test conditions from uniaxial deformation to 3-D
deformation and consequently has a negative
effect on the data accuracy, so the friction effect
on the experimental data should be considered for
predicting the accurate flow stress. The corrected
flow stress was obtained in this study, as it was
presented in Ref. [18]. Besides, to minimize the
friction effect on flow stress, a very thin mica film
was placed between fixture and specimens [2].
The optical micrograph of AA6061T6-2 and
AA60610, AA6063-T6-2, and AA6063-O
aluminum alloys specimens before hot forming
have been shown in Figure 2 (a & b), and Figure
3 (@ & D), respectively. Also, the Optical
micrograph of precipitates in A6061 O and
AA6061 T6-2 aluminum alloy have been shown
in Figure 4 (a & b), respectively. The particle
stimulated nucleation (PSN) sometimes is known
as one of the mechanisms in deformed
microstructures of aluminum alloys [46]. As it is

clear in Figure 4(b), the precipitations and
secondary phase particles of Mg»Si were found in
the microstructure of AA6061-T62.

(b)
Fig. 2. Optical micrograph of the initial
microstructure of (a) AA6061 O and
(b) AA6061 T6-2 aluminum alloys.
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Fig. 4. Optical microscope images of precipitates in (a) AA6061 O and (b) AA6061 T6-2 aluminum alloy.

To determine the true stress-strain behavior of
these aluminum alloys, uniaxial one-hit hot
compression tests were performed using a servo-
controlled electronic universal testing machine
equipped with an electrical resistance furnace.
True stress values were recorded using a high
accuracy load cell with the ability to measure load
forces down to 1 kg. True strain values were
computed from displacement data reported by the
computer. Thin pieces of mica sheet were laid
between punch and specimens as a lubricant
material to reduce the friction throughout hot
deformation. All the specimens were heated
inside the closed chamber at a uniform heating
rate of 100 /min to the specified temperature and
soaked for 4 min to ensure homogenous
temperature distribution throughout specimens.

1 4-5 min
550 —+
4-5 min
450 —+

£=0.005, 0.01, 0.1
4-5 min

Temperature(cC)

350 T

_______ I

Room temp >

Fig. 5. Thermo-mechanical schematic used to
compress samples that represent processing

conditions.
Compression tests were carried out uniaxially up
to the true strain of 0.8 and at different
temperatures of 350, 450, and 550°C and strain
rates 0f 0.005 s, 0.01 s, and 0.1 s™!. Compressed
samples were quenched in cool water
immediately after compression to retain the
deformed microstructure. Figure 5 illustrates the
test timetable conditions for all heat-treated
aluminum alloys. Force—displacement data had
been converted to true stress—true plastic strain
curves and then corrected for friction by barreling
effect, after applying test condition on specimens.

3. RESULTS AND DISCUSSION

3.1. True stress-true strain curve of AA6061
T6-2 and AA6063 T6-2

At a homologous temperature above 0.6-0.7 Tm
(Tm=melting temperature) plastic deformation is
effectively affected by thermally activated
processes therefore the materials flow behavior
becomes dependent on strain rate and temperature
[34].

The experimental investigations indicate the
effects of deformation temperature and strain rate
on the flow stress are major for all processing
conditions. The true stress versus true strain
curves obtained during the hot compression test
under various strain rates and temperatures for
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AA6061 T62 and AA6063 T62 have been
presented in Figure 6 and Figure 7, respectively.
As it is clear from these figures and as other
samples of AA6061 O, T61 and AA6063 O, T61
the increase of strain rate and the decrease of
deformation temperature can increase flow stress.
Also, the effects of strain on the flow stress are
obvious. A similar result for other alloys was
reported in previous reports [1, 7, 9, 16, 23, 25,
31].

Temperature test = 350C

-
o
=]

—
7
=]
1
o
-
[
o
S

-
k2
=]
\
\
\

3

1

v
\

|

\
\

True stress(VIPa)
g
\
\
\
\

w
=]
=
v

0 0.2 0.4 0.6 0.8
True strain

()

Temperature test = 4300C

True siress(MPa)
©
g

0 0.2 0.4 0.6 0.8
True strain

(b)

Temperature test = S50C

wa
=]

-
=l
1
1
o
I
Y
=4

w
>

[
=]

True stress(MPa)
\
1

-
|
|
|
|
|
|
|
|
|
|

=

True strain
(©)
Fig. 6. True stress-true strain curves of AA6061T6-2
for various strain rates at different temperatures of (a)
350°C, (b) 450°C and (c) 550°C.

Owing to the high SFE of aluminum alloys, DRV
is even more important to the softening process,
In other words, DRV is a sufficient restoration
mechanism at the high-temperature deformation
of aluminum and a steady state of stress is reached.
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This is the result of the balance between hardening
and softening mechanisms. The steady-state behavior
depends on the Zener-Hollomon parameter. At the
recovery stage, the dislocations of opposite sign
annihilate each other by a combination of gliding and
climbing mechanisms. The excess dislocations are
left in the material at the end of the first stage of
recovery. In materials with high SFE, the sub-grains
or cell structure with low-angle grain boundaries
(LAGBs) formed during deformation is gradually
evolved into high-angle grain boundaries (HAGBs)
due to efficient DRV with the migration of sub-grain
boundaries, which is known as continuous dynamic
recrystallization (CDRX) and occurs at the
sufficiently high strain values [47-49].
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Fig. 7. True stress-true strain curves of AA6063T6-2
for various strain rates at different temperatures of
(a) 350°C, (b) 450°C, and (c) 550°C.
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The dominant recrystallization mechanism was
assumed to be CDRX and experimental evidence
was also shown. In CDRX, the progressive
increase in the misorientation of the LAGB
occurs due to sub-grain rotation or accumulation
of dislocations along a sub-grain boundary. The
progressive increase in the misorientation of the
LAGBs gradually forms new HAGBs. When the
steady-state is reached, a fully recrystallized
microstructure is obtained [49]. In aluminum
alloys, the occurrence of CDRX is attributed to
the lowering of SFE caused by solute additions,
particularly magnesium.

The true stress versus true strain curves obtained
during the hot compression test under various
strain rates and deformation temperatures for
AA6063-T62 has been presented in Figure 7, as it
is shown for AA6061 aluminum alloys. As it is
clear, the strain effects on the flow stress are
significant.

As temperature increases, both the stress and the
difference between stresses decrease which is
mainly associated with the precipitate distribution
as reported by other researchers [6].

The flow stress at versus deformation
temperatures and strain rates have been presented
as a three-dimensional plot as shown in Figures 8
(a) and (b) for A6061 T6-2 and AA6063 T6-2
respectively, that confirm above-mentioned
results. It presents that the influences of the strain
rate and temperature on the flow stress are
considerable. As the decrease in temperature and
the increase of strain rate can increase flow stress.
By increasing the strain rate, the strain is applied
in less time so the opportunity for the occurrence
of dynamic recovery in the material decreases due
to decreased time for atomic diffusion and
reduced probability of occurrence of diffusion
phenomenon. However, at high strain rates, there
is not enough time for the movement of the
dislocations and to join together to form cell or
sub-grain boundaries (and finally to create the cell
sub-grains or structure). Therefore, as it has been
reported by Mortezaei et al. [S0], DRV is retarded
and work hardening dominates at high value of
strain rates. The evolution of the dislocation
density depends on two simultaneous
mechanisms: dislocation nucleation or generation
and annihilation. At the high values of strain
rates, the strain rate sensitivity (SRS) (m) declines
correspondingly with the increase of the
temperature at a strain of 0.8. It is observed that

the true stress increases remarkably with the
strain rate at the temperature of 350°C. However,
when deformed at 550°C, the slope becomes
moderate. This may be explained by the fact that
the strengthening effects caused by strain rate
hardening and strain hardening of the alloy are
counteracted by the thermal softening within the
strain rate considered in this study which was
reported in the other researches [51, 52].
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Fig. 8. Representation of flow stress as a function of

temperature and strain rate at a strain of 0.8 for
(a) AA6061T6-2 and (b) AA6063T6-2.

3.2. True stress-true strain curves of AA6061
and AA6063 with different heat treatments

As the decrease in temperature and the increase of
strain rate can increase flow stress. Also, the strain
effects on the flow stress are significant.
Therefore, at the beginning deformation that the
flow stress has low value, stress increases sharply
with the increase of strain due to the significant
work hardening effect. Figure 9 (a) to (c) show the
true stress—the true strain of the AA6061
aluminum alloy treated with different heat
treatment conditions at deformation temperatures
of 350, 450, and 550°C respectively. The results
present that the influences of the heat treatment
conditions on the flow stress are considerable at
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any deformation temperature. For both aluminum
alloys which were heat-treated by age hardening
(T6-1 and T6-2) and annealing (O), the flow stress
decreased with an increase of temperature and a
decrease of strain rate.
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Fig. 9. True stress-true strain curve of AA6061 O,
AA6061 T6-1, and AA6061 T6-2 during hot
compression deformation at £ =0.1s~! and different
temperatures of (a) 350, (b) 450, and (c) 550°C.

Under all of the deformation temperatures of 350-
550°C, the flow stresses of the alloy treated by the
T6-1 and T6-2 age hardening (AA6061 T6-1 and
AA6061 T6-2) were greater than that of the alloy
treated by O annealing (AA6061 O) at all the
strain rates investigated. As it is obvious in these
curves, for different heat treatment conditions, the
configuration of flow curves are different.
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At the lower deformation temperatures of 350°C
and 450°C, with increasing strain, for both the
age-hardened AA6061 T6-1 and AA6061 T6-2
alloys and annealed AA6061 O alloy, the stress of
each flow curve exhibits an initial rapid increase
to stress values, as the flow stresses of AA6061
T6-2 have a significant increase in compared to
other alloys and after that are the flow stresses of
AA6061 T6-1 and AA6061 O alloys
consequently, = whereas  with  increasing
deformation temperature to 550°C, as the strain
increases each flow curve exhibits an initial rapid
increase in stress to the indicated value, followed
by a gradual increase in flow stress. For the
annealed alloy, however, no significant flow
increasing occurs under any of the deformation
conditions.

Therefore, at the beginning deformation that the
flow stress has low value, stress increases sharply
with the increase of strain due to the significant
work hardening effect as this effect will be more
pronounced on the age-hardened precipitation
alloys consist of AA6061 T6-1 and AA6061 T6-
2. The results show that flow stress increases with
increasing precipitations of aluminum alloy, so
work hardening rate increases with increasing
precipitations because it prevents dislocation
movement and pins dislocations during forming
at low deformation temperature values and
increase the flow stress, whereas the dissolution
of some of the precipitations occurs with
increasing deformation temperature to 550°C.
Similar behavior were reported by Zhang et al
[42].

Figure 10 shows the microstructures of hot
deformed AA6061 at a strain of 0.8 and different
deformation temperature, strain rate, and heat
treatment. It indicates that the precipitate values
have decreased and grain refinement has occurred
at the deformation temperature of 550°C rather
than temperatures of 350°C and 450°C.
Consequently, the reduction of precipitate values
(equivalent to the reduction of volume fraction)
consistent with the Zener dragging theory has a
direct correlation with the drag force applied to
the grain boundaries [53, 54]. In other words,
fewer precipitates mean less drag force. As a
result, due to the reduction of drag force, the flow
stress at higher temperatures has also decreased.
Also, a dynamic Zener pinning pressure can
strongly suppress nucleation and/or retard
recrystallization resulting in a  sluggish
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recrystallization reaction and an inhomogeneous
grain structure of coarse elongated grains as has
been reported by other researchers [55].

DRYV has been shown to occur more strongly in high
SFE metals and alloys consist of aluminum alloy.
Therefore, CDRX is considered a dominant
mechanism from sub-grain structures in hot
deformation [27, 29]. The CDRX kinetics are
slowed by Zener pinning via pinning of sub-grain
structures and inhibition of nucleation and as clear
in Figure 10 (d), the recrystallized grain size of the
hot deformed precipitated AA6061T6-2 is larger
than of the hot deformed AA6061 O aluminum
alloy, as was reported by Humphreys et al. [40]

In low strain rate and low deformation temperature
(0.01 s, 350°C), the grains show up an elongated
morphology revealing that work hardening and
partial dynamic recovery as important typical
characteristics occur (Figures 10(a) and (c)). In
contrast, as clear in Figures 10 (b) and (d), some
recrystallized grains are detected with increasing
temperature to 550°C revealings that partial
dynamic recrystallization has happened [6]. Figures
11 (a) to (c) show the true stress—the true strain of
the AA6063 aluminum alloy treated with different
heat treatment conditions at deformation
temperatures of 350, 450, and 550°C, respectively.
The results present that the influences of the heat
treatment conditions on the flow stress are
considerable at any deformation temperature. For
both aluminum alloys which were heat-treated by
age hardening (T6-1 and T6-2) and annealing (O),
the flow stress decreased with an increase of
temperature and a decrease of strain rate. Under all
of the deformation temperatures of 350-550°C, the
flow stresses of the alloy treated by the T6-1 and T6-
2 age hardening (AA6063 T6-1 and AA6063 T6-2)
were greater than that of the alloy treated by O
annealing (AA6063 O) at all the strain rates
investigated. As it is obvious in these curves, for
different  heat treatment  conditions, the
configuration of flow curves are different. At the
lower deformation temperatures of 350 and 450°C,
with increasing strain, for both the age-hardened
AA6063 T6-2 and AA6063 T6-1 alloys and
annealed AA6063 O alloy, the stress of each flow
curve exhibits an initial rapid increase to stress
values, as the flow stresses of AA6063 T6-2 have a
significant increase in compared to other alloys and
after that are the flow stresses of AA6063 T6-1 and
AA6063 O alloys consequently, as it was seen for
AA6061 aluminum alloy.

(d)
Fig. 10. Microstructures of the hot deformed AA6061
O at the center of the deformed samples and different
processing parameters of (a) 350 °C and 0.01 s™' and
(b) 550°C and 0.005 s™! and the hot deformed
AA6061 T6-2 at different processing parameters of
(c) 350 °C and 0.01 s! and (d) 550°C and 0.005 s™".
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(a) 350, (b) 450, and (c) 550°C.

Whereas with increasing deformation tempera-
ture to 550°C, as the strain increases each flow
curve exhibits an initial rapid increase in stress to
indicated value, followed by a gradual steady-
state in flow stress. Therefore, at the beginning
deformation that the flow stress has low value,
stress increases sharply with the increase of strain
due to the significant work hardening effect as
this effect will be more pronounced on the age-

o oF
U
wgsT ‘fﬁ

hardened precipitation alloys consist of AA6063
T6-1 and AA6063 T6-2. The results show that
flow  stress  increases  with  increasing
precipitations of aluminum alloy, so work
hardening rate increases with increasing
precipitations because it prevents dislocation
movement and pins dislocations during forming
at low deformation temperature values and
increase the flow stress, whereas the dissolution
of some of the precipitations occurs with
increasing deformation temperature to 550°C. As
it is clear in Figure 11(c), the difference in the
flow stress values for different heat-treated
AA6063 (T6-2, T6-1, and O) is very small at the
deformation temperature of 550°C.

The activity of boundaries increased and the
LAGBs (subgrains) gradually stabilized and
transformed into HAGBs (equiaxed grains) under
the subsequent hot forming (at a high temperature
of 550°C and accumulated deformation 0.6) [37].
The activities of dislocations and sub and grain
boundaries increase with increasing the
deformation temperature and it is easier for their
migration and merging and finally leading to
more DRV, and more obvious grain refinement
[57], indicating that precipitates can be re-
dissolved during hot deformation at a higher
value of deformation temperature from solution
temperature (400-500°C) of aluminum alloy,
However, the redissolution may be insufficient at
high values of strain rates (higher than 0.1 s').
Figures 12(a) and (b) show the microstructures of
hot deformed AA6063 T6-2 and AA6063 O
aluminum alloy at the center of the deformed
sample, respectively, at a deformation tempera-
ture of 550°C and strain rate of 0.005 s™".

As it is clear, deformation at low temperatures
leads to an increase in the dislocation density of
the deformed specimen. Restoration mechanisms
are activated and recrystallized grains are
observed in the microstructures by increasing
deformation temperature.

For more clarification, the comparative
rectangular charts of flow stress at strain rate 0.1
are shown in Figure 13 and Figure 14 for AA6061
and AA6063 alloys, respectively. It is clear in
these figures that the difference in flow stress
between aged and annealed specimens decreases
with increases in the deformation temperature for
both investigated alloys, because of fewer
precipitates in alloys matrix in higher deformation
temperature. By comparing the flow stress of
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T6-1 and T6-2, it can be described that T6-2 heat
treatment has more effect on flow stress, and in
the same condition flow stress of T6-2 samples is
more than T6-1 samples.

(b)
Fig. 12. Microstructures of hot deformed (a) AA6063
T6-2 and (b) AA6063 O alloys at deformation
temperature of 550°C and strain rate of 0.005 s™".

It is clear from comparing Figure 13 and Figure
14 that the type of heat treatment has more effects
on the mechanical behavior of AA6061 aluminum
alloy compare to AA6063 aluminum alloy, and
also the ranges of flow stress of all conditions of
AAG6061 are greater than AA6063.

As a result, the type of heat treatment of both
alloys has a lesser effect at a higher temperature
and lower strain rate test, on the other hand, the
type of heat treatment has less effect on alloy
behavior. Similar behavior were reported by
other researchers [42].

Figure 15 and Figure 16 indicate these results for
both alloys at a strain and strain rate of 0.55 and
0.005 s, respectively. It can be a result of the
dissolution of precipitation at higher temperatures as
a similar result was reported by others [7, 56]. This
result can be seen in Figure 17 for AA6061
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Fig. 13. The effects of heat treatment of AA6061
alloy on the flow stress at €=0.5.
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Fig. 14. The effects of heat treatment of AA6063
alloy on the flow stress at €=0.5.
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Fig. 15. The difference in flow stress between aged
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Fig. 16. The difference in flow stress between aged
and annealed AA6061 alloys.

at a deformation temperature of 550°C. By
comparing the microstructure of initial and deformed
specimens in Figure 2 and Figure 17, respectively, it
is clear that the precipitation decreases at high
temperatures in comparison with low temperatures.
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Fig. 17. Dissolution of precipitation in the deformed
(a) AA6061 O and (b) AA6061 T6-2 alloys at
deformation temperature of 550°C.

Plenty of spherical precipitates wrapped by
dislocations were produced during the initial
stage of deformation especially at low
deformation temperature, in contrast, the mobility
of dislocations reduced by these precipitates.

v =
v &2 e 95

With increasing deformation temperature, further
recovery occurs and dislocation cells form and the
activity of dislocations is increased while
precipitates partially were dissolved, resulting in
weakening of the pinning effects of precipitates.
Dislocations become ordered and rearranged to
form sub-grains [57]. Dislocations induced by
deformation were entangled and recovered to
form dislocation cells. The spheroidized Mg»Si
particles pinned dislocations and boundaries
which led to the sub-grains formation during the
hot deformation at a high value of deformation.
The transformation of LAGBs into HAGBs could
have been accelerated by the pinning effect of
precipitates and accumulated deformation during
further hot compression.

3.3. Hardening rate

In the plastic region of deformation, the derivative
of the true stress with regard to the true strain
yields the work hardening rate, 6 [20]. In an
isothermal condition, the slope of the stress versus
plastic strain curve derived from a constant true
strain rate test reflects the evolution of the internal
variable [21]. The hardening rate value was
achieved using the central difference approach
[22] by the following equation:
d_Gl =G|i+1 - G|i—1 0
de 8|i+1 - 8|i—1

Figures 18 (a) and (b) show the work hardening
versus true stress for AA6061 alloy that treated by
T6-1, T6-2, and O, at the strain rate of 0.1 s™' and
deformation temperature of 350°C and 550°C,
respectively. Figures 19 (a) and (b) show the work
hardening versus true stress for AA6063 alloy that
treated by T6-1, T6-2 age hardening, and O
annealing, at the strain rate of 0.1 s and
deformation temperature of 350°C and 550°C,
respectively.

The primary steep slopes of the work-hardening
rate curves relate to the early plastic deformation
region of the material (As it is obvious in Figures
18 and 19). After passing the initial part of curves,
the work hardening slope suddenly decreases to
the second region. In this region, slopes of the
work hardening rate curves gradually decrease by
increasing either the plastic stress or strain and
this inclination gets to zero or constant values due
to the restoration mechanism which is mainly
dynamic recovery [23] and dissolution of
precipitation in the deformed age-hardened
aluminum alloys.
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In some conditions such as high deformation
temperature and low strain rate, the hardening
rates attain zero value (6 = 0), which corresponds
to a balance between hardening processes and the
restoration mechanism of dynamic recovery and

dissolution of precipitation. These slopes
variations show variation in the restoration and
softening mechanisms. The variations of these
curves with the variation of heat treatment
illustrate the effects of annealing and aging heat
treatment of aluminum alloys on the softening
mechanism.

Stage I is the hardening condition which indicates
the formation and accumulation of dislocations.
Stage II is the location of the inflection point
(d8/do = 0) in the curve, which indicates the
critical conditions (&.and o,) for the onset of
DRV and/or nucleation of recrystallization. Stage
111 is the development of the DRV mechanism in
which the slope of the curve gradually decreases
by an increase in strain. When the 6 reaches zero
at this step, it shows the peak strain and
corresponding peak stress which represents the
transient equilibrium between work hardening
and work softening.

For both alloys, at a higher temperature, the range
of hardening rate reduces, because the hardening
rate is the slope of true stress versus plastic strain
curve, and as mentioned stress range is found to
decrease with increasing temperature. As is
expected hardening rate is higher for T6-1 and
T6-2 samples compared to annealed samples and
the hardening rate differences of aged and
annealed aluminum alloys (both AA6061 and
AA6063 aluminum alloys) decrease with
increasing deformation temperature to 550°C.

4. CONCLUSIONS

In this paper, the influence of aging and annealing
heat treatment of AA6061and AA6063 aluminum
alloy on the thermo-mechanical behavior was
investigated by isothermal hot compression tests
in various ranges of strain rates and temperatures.
Based upon the results obtained, the following
conclusions can be stated:

The flow stress is highly sensitive to deformation
temperature and strain rate as it increases with
increasing strain rate and decreasing deformation
temperature.

The type of heat treatment has a significant
influence on the mechanical behavior of AA6061
and AA6063 aluminum alloy at -elevated
deformation temperatures, and the effect is on the
flow behavior of AA6061 aluminum alloy
compare to AA6063 aluminum alloy.

For both alloys, the effects of heat treatment on
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the thermo-mechanical behavior of aluminum
alloys decrease with increase in deformation
temperature as the type of heat treatment has less
effect with increasing temperature.
Microstructural —investigations of deformed
specimens indicate that dislocation density
increases and precipitates coarsen and the
dissolved elements are deleted from the matrix at
low  deformation temperature. = Whereas,
annihilation and rearrangement of dislocations
happen and the amount of solute elements in the
matrix increases owning to the higher diffusion
rate of dissolved elements. Therefore, the volume
fraction of precipitations decreases with
increasing deformation temperature from 350 to
550°C, continuously. The precipitation decreases
at high temperatures in comparison to low
temperatures

For both alloys, the work hardening rate is higher
for aged (T6-1 and T6-2) samples compared to
annealed (O) samples, and also the range and
differences of hardening rate reduce at higher
temperatures.
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