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Solutionized AA6061 aluminum alloy was processed by equal-channel angular
pressing followed by cold rolling. The hot ductility of the material was studied
after severe plastic deformation. The hot tensile tests were carried out in the
temperature range of 300–500�C and at the strain rates of 0.0005–0.01 s�1.
Depending on the temperature and strain rate, the applied strain level
exhibited significant effects on the hot ductility, strain-rate sensitivity, and
activation energy. It can be suggested that the possible mechanism dominated
the hot deformation during tensile testing is dynamic recovery and dislocation
creep. Constitutive equations were developed to model the hot ductility of the
severe plastic deformed AA6061 alloy.

INTRODUCTION

During the last two decades, severe plastic defor-
mation (SPD) techniques have been introduced as
practical approaches to produce ultrafine grain (UFG)
materials.1 One of the most often used processes in
this regard isequal-channel angular pressing (ECAP),
which provides an opportunity for producing bulk
UFG materials, although its application has remained
in the laboratory scales.2 Also, because of the limits
dictated by ECAP, the shapes and sizes of the work-
pieces are far from the semifinal products required for
industrial applications. Therefore, additional pro-
cesses such as rolling, extrusion, or forging are nec-
essary to process the equal-channel angular pressed
products closer to the shapes needed for industrial
applications.3 For example, the combined process of
ECAP and cold rolling (CR) is anticipated not only to
reduce the number of ECAP passes but also to fabri-
cate the u sheets or plates.4 The effect of CR after
ECAP on the properties and microstructure has been
studied for different materials such as copper,5 alu-
minum,6 and titanium alloys.7 It was shown that CR
after ECAP resulted in further grain refinement and
improved strength8 with properties and dimensions
suitable for many industrial applications.9,10 Howev-
er, formability isone of the most import characteristics
of materials to attain the required near-net shape and
high quality for finished products.11 The flow stress
during hot working can be a function of the deforma-

tion parameters: i.e., strain, strain rate, and tem-
perature. In this regard, various constitutive
equations were developed based on the experimental
data to describe the sensitivity of the flow stress to the
strain, strain rate, and temperature.12

Among aluminum alloys, AA6061 has received
great interest as one of the materials for the auto-
mobile, aerospace and construction industries.13

Incidentally, there are only few reports on the hot
ductility of ultrafine-grained AA6061 alloy, and thus,
this study pursues three aims. First, the combination
of the ECAP and CR techniques was used to produce
large ultrafine-grained strips for industrial applica-
tions. Second, the effects of parameters such as strain
rate and temperature on the hot ductility of ultrafine-
grained samples were studied. Third, a mathematical
model was developed to predict the flow stress of the
ultrafine-grained material as a function of applied
strain, strain rate, and deformation temperature.

MATERIALS AND METHODS

The as-received material was AA6061 and the com-
position is summarized in Table I. The large workpiece
subjected to ECAP had the dimensions of 100 9
100 9 14 mm3. It was homogenized at 833 K (530�C)
for 4 h followed by water cooling. The ECAP was per-
formed using route Cx. After two passes of ECAP, the
samples were subjected to 90% reduction by CR at room
temperature. The produced ultrafine-grained sheets
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after the ECAP and CR are shown in Fig. 1. To study
the hot ductility of the ultrafine-grained sheet, ten-
sile tests were carried out using the specimens with a
gauge length of 31 mm, a width of 6 mm, and a
thickness of 1.5 mm. The tests were carried out at the
initial strain rates of 0.0005–0.01 s�1 and at 300–
500�C (i.e., at 0.67–0.9 Tm, where Tm is the absolute
melting point of the AA6061 alloy). Before the tests, the
specimens were held for 15 min at the deformation
temperature to eliminate the thermal gradients as well
as to ensure the uniform temperature of specimens.
The true stress–true strain curves were plotted using
the load–displacement data.

RESULTS AND DISCUSSION

Flow Curves and Flow Stresses

Figure 2 illustrates the stress–strain curves of the
heavily deformed AA6061 alloy tested under various

Table I. The composition of the studied AA6061 (wt.%)

Si Fe Cu Mn Mg Cr Al

0.73 0.37 0.2 0.07 0.9 0.19 Bal.
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Fig. 2. Typical true stress–true strain curves of the heavily deformed alloy obtained at different strain rates and temperatures: (a) 300�C, (b)
400�C, and (c) 500�C.

Fig. 1. As-received, equal-channel angular pressed, equal-channel
angular pressed +cold rolled, and rolled samples of the AA6061
alloy.
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conditions. Obviously, the flow stress is affected
strongly by the testing temperatureand appliedstrain
rate. At a given strain rate, the effect of temperature
on the flow stress is significant, indicating the high-
temperature sensitivity at 300�C to 400�C. Referring
to Fig. 3, the peak stress increases with increasing the
strain rate and decreasing the temperature. It is
known that at temperatures above 0.4Tm, plastic
deformation is strongly influenced by thermally acti-
vated mechanisms so that the flow stress becomes
temperature and strain rate dependent.14 The current
results show the significant effect of temperature and
strain rate on the hot behavior of ECAP + cold-rolled
samples. At 573 K, the dependence of peak stress on
the strain rate is considerable. It is reported that the
strength of materials decreases with temperature
because the critical resolved shear stress decreases
sharply with an increase in the temperature.15

Elongation to Failure

The hot ductility of the undeformed and deformed
samples is compared in Fig. 4. According to this
figure, at least three behaviors can be distinguished.
First, the elongation of the alloy depends strongly
on the severity of applied strain. The ductility of the

severe plastic deformed conditions is significantly
higher than that of the as-received material, mainly
because of a decrease in grain size16 or an increase
in the grain-boundary area.17 Our findings are
consistent with those reported in the literature,
indicating that the hot ductility of equal-channel
angular pressed AA6061 is two to four times greater
than those of the unequal-channel angular pressed
condition.18 Second, the ductility of severe plastic
deformed samples increases with temperature. The
observed behavior can be attributed to the occur-
rence of recovery and recrystallization during the
deformation of severely deformed materials. How-
ever, the increase in temperature may also cause
microstructural changes such as precipitation,
strain aging, or grain growth that may affect this
general behavior.1 Third, with increasing the tem-
perature, the maximum in elongation values shifted
to higher strain rates, especially at 500�C. This
trend has also been observed during the deforma-
tion of severe plastic deformed alloys such as
AA7034,19 ZK60 magnesium alloy,20 and Ti-6Al-
4V.21

The high elongations obtained at higher strain
rates at 400�C and 500�C may be due to grain
boundary sliding (GBS) during the hot deforma-
tion.22 GBS is a well-known mechanism to justify
the high ductility of the ultrafine-grained materials.
In addition to the development of ultrafine-grained
microstructure, the structural homogeneity of the
severe plastic deformed samples and their thermal
stability can support the reported results.23

Strain-Rate Sensitivity

The strain-rate sensitivity index (m) is an impor-
tant material property that affects the formability of
materials, especially at high temperatures.24

Figure 5 shows the variation of ln(r) with ln(_e) at
different deformation temperatures. The slope of the
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Fig. 3. Effect of the processing parameters on the peak stress: (a)
effect of the deformation temperature and (b) effect of the strain rate.
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lines represents the value of the strain-rate sensi-
tivity index. The parameter m is given by:

m ¼ 1=n ¼ @ ln r
@ ln _e

�
T;e

: (1)

From Fig. 5, it can be found that the m value is
not constant in the temperature range of 300–
500�C. While the average strain-rate sensitivity
index of the severe plastic deformed alloy was about
0.193, the strain-rate sensitivity index of the
as-received sample was 0.098 at 400�C. In general,
the elongation to failure is increased with increas-
ing m value.25 Thus, high strain-rate sensitivity
indices lead to higher postnecking elongation or
superplasticity.1 The obtained results show that the
strain-rate sensitivity index depends on the domi-
nant deformation mechanisms.26 Our m values may
suggest that the deformation mechanism is related
to conventional dynamic recovery (DRV) and/or
controlled dislocation creep.27 However, when m is
about 0.3, the dominant mechanism is viscous pro-
cess or intragranular glide process.28 As for the m of
0.5, the GBS has been reported to be responsible for
the superplastic behavior.29 It has been reported
that during the hot tensile testing of aluminum
alloys, the elongation values of about 100%, corre-
sponding to the strain-rate sensitivity of about
0.2–0.25, can be attributed to the dislocation climb
mechanism.18
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Fig. 6. Flow diagram of the constitutive equation.
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Constitutive Equations

The Arrhenius-type equation, Eq. 2, is widely
used to describe the hot deformation behavior of
alloys during hot shear,30–32 hot compression,33–35

and hot tension 36–38 tests:

_e ¼ A sinhðarÞ½ �nexp �Q=RTð Þ; (2)

where _e is the strain rate (s�1), R the universal gas
constant (8.314 J mol�1 K�1), T the absolute tem-
perature (K), Q is the activation energy related to the
deformation mechanisms occurring during hot form-
ing (J mol�1),r is the peak stress (MPa), andA,a, andn
are the material constants. Besides, the relationship
between temperature and strain rate during the hot
deformation of materials can be expressed by the
Zener–Hollomon parameter as follows:

Z ¼ _e expðQ=RTÞ ¼ A sinhðarÞ½ �n: (3)

Considering the definition of the hyperbolic law,
the flow stress dependence of temperature and
strain rate (i.e., Zener–Hollomon parameter) is
generally given by:

r ¼ 1

a
ln

Z

A

� �1=n

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z

A

� �2=n

þ1

s8<
:

9=
;: (4)

Figure 6 illustrates the flow chart used to calcu-
late the values of n, a, Q, and A. The values of n and
b can be obtained from the slopes of the lines plotted
in Fig. 7a and b, respectively. The value of a can be
computed from n and b as: a = b/n = 5.3 9 10�3

MPa�1. As for the value of Q, it is derived from the
slope of ln _e� ln ½sinh ðarÞ� (Fig. 7c) and
ln ½sinh ðarÞ� � T�1 � 10�3 plots (Fig. 7d). The aver-
age activation energy was found to be
196.835 kJ mol�1 here. Now, Z can be calculated by
substituting the strain rates, temperatures, and
activation energy into Eq. 3. Referring to Fig. 8, by
plotting lnZ� ln ½sinh ðarÞ�, the value of A can be
computed as 6.26 9 1015 s�1. Finally, by substitut-
ing the values of n, A, and Q into Eqs. 2, 3, and (4),
the new relationships for the hot deformation of
severe plastic deformed AA6061 alloy can be devel-
oped. These are as follows:
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_e ¼ 6:26 � 1015 sinh ð5:3 � 10�3rÞ
� �

5:06 exp � 196; 835

RT

� �
;

(5)

Z ¼ _e exp
196; 835

RT

� �
¼ 6:26

� 1015 sinh ð5:3 � 10�3rÞ
� �

5:06;

(6)

r ¼ 188:68 ln
Z

6:26 � 1015

� � 1
5:06

(

þ Z

6:26 � 1015

� � 2
5:06

þ1

" #1=2
9=
;:

(7)

As a thermally activated process, the hot defor-
mation of AA6061 alloy requires an apparent acti-
vation energy that can be used as a criterion for the
hot formability.39 Figure 9 shows the variation in
the activation energy with the strain rate and
temperature. Referring to Fig. 9a and b, it is obvi-
ous that the effects of deformation temperature and
strain rate on the activation energy are significant
under all conditions. As can be observed, the acti-
vation energy increases with increasing the tem-
perature. However, at lower temperatures, i.e.,
300–400�C, the rate of increase in activation energy
is different from that at higher temperatures, i.e.,
400–500�C. In fact, compared with lower tem-
peratures, the changes in Q are more sensitive to
temperature at higher temperatures. According to
Fig. 9, the effect of temperature on activation
energy seems to be greater than the effect of strain
rate. The complicated dependency of Q on tem-
perature and strain rate during hot deformation of
the alloy can be attributed to the operation of dif-
ferent mechanisms. As depicted in Fig. 9, the value
of Q lies in a range of 132–250 kJ mol�1. The great

difference in the activation energy indicates the
changes in deformation mechanisms.40,41 The mean
value of activation energy of the deformed AA6061
(196 kJ mol�1) is higher than that of the self-diffu-
sion of aluminum (144 kJ mol�1),42 grain boundary
diffusion (84 kJ mol�1),16 and the dislocation pipe-
diffusion in aluminum (82 kJ mol�1).43 Besides, it is
known that GBS, a mechanism that does not take
place at 20�C in Al or other structural metals, be-
comes active near 0.5Tm due to an activation energy
much lower than that for climb, QGBS � 0.8 QD for
Al.31 Therefore, the GBS or the dislocation climb
cannot be a dominant mechanism for hot tensile
deformation of the studied alloy. The obtained ac-
tivation energy is similar to the activation energy
for self-diffusion of aluminum at lower tem-
peratures. The average activation energy of the
studied alloy at 300�C and at different strain rates
(143 kJ mol�1) is very close to that for the self-dif-
fusion of Al (144 kJ mol�1). In other words, this
suggests that the dominant mechanism, at 300�C
and the strain rates of 0.0005–0.01 s�1, can be
controlled by dislocation climb. The apparent acti-
vation energy (greater than 200 kJ mol�1) at all
strain rates and temperatures of 400�C to 500�C is
higher than that at 300�C. There may be abrupt
changes in QHW as a result of changes in
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microstructure with temperature. In such a case,
the occurrence of DRV or dynamic recrystalliza-
tion,31 for example, can lead to different values of Q.

CONCLUSION

The hot deformation behavior of ECAP + cold-
rolled AA6061 alloy at different strain rates and
temperatures was studied. The results show that
the flow stress and hot formability of the alloy de-
pend on the strain rate and temperature. According
to the hot tensile test results, increasing the tem-
perature led to shifting the superplasticity to higher
strain rates. The great difference in the strain rate
sensitivity of the undeformed and severe plastic
deformed alloy indicates that the recovery of dislo-
cations can be the dominant deformation mechan-
ism. The constitutive equations pertaining to the
hot deformation of ECAP + cold-rolled AA6061 alloy
were developed.
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