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The hot deformation behavior of an AA6061 alloy was comparatively studied by uniaxial compression (UC)
and Plane strain compression (PSC) in the temperature range of 300-450 °C and strain rate range of 0.01-
5 s7 . The processing maps were constructed based on a dynamic materials model, and the associated
microstructures were observed. Under the same deformation conditions, the flow stress of the AA6061 alloy
during PSC is higher than that during UC, which can be characterized by the Zener—Hollomon (Z)
parameter in a hyperbolic sine-type equation with an activation energy Q of 175.2 kJ mol~' and
201.9 kJ mol ™!, respectively. In addition, the instability domain is narrower under PSC compared to that
under UC. The observed microstructures also indicate that as the Z value decreases, the tendency of
dynamic recrystallization increases during PSC. The softening mechanisms in the AA6061 alloy after PSC
and UC mainly consist of the dynamic recovery that is accompanied by a slight dynamic recrystallization.
The optimum parameters are in the temperature range of 360-450 °C and strain rate range of 0.03-0.3 s~!
for UC, and for PSC, the optimum parameters are in the temperature range of 320-400 °C and strain rate

range of 0.01-0.05 s~ ',

Keywords aluminum alloy, flow stress, microstructure, plane

strain compression, processing map

1. Introduction

The AA6061 alloy is a precipitation-hardenable Al-Mg-Si
alloy containing magnesium and silicon as the main alloying
elements (Ref 1, 2). Due to their excellent properties, such as
high specific strength, excellent corrosion resistance and
acceptable weldability, AA6061 products, such as rings, are
widely used, especially as critical components in the aircraft,
automobile and wind power industries (Ref 3-6). To enhance
the workability and obtain excellent performance in AA6061
ring components, the deformation parameters, including the
temperature, strain rate and strain, should be accurately
controlled under specified conditions.

Hot ring rolling (HRR) is an advanced incremental forming
technique to fabricate ring products (Ref 7, 8). The ring blank
thickness is gradually reduced with a progressively narrowing
gap between the driving roll and the idle roll during HRR, and
the final height of the ring is controlled by the axial rolls (Ref
9). Under the action of the driving roll and friction, the ring
blank is subjected to an extra shear deformation in addition to
the compression in the surface layers. Thus, the ring blank
experiences complicated stress and strain states, which results
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in dynamic responses, and microstructures after HRR are
different from those after hot forging (Ref 4, 10, 11). Previous
research (Ref 12-14) found that plane strain compression (PSC)
is a valuable method for clarifying the microstructure evolution
mechanism and simulating the HRR condition. Until now,
many research efforts have concentrated on the deformation
behavior and the constitutive model of the AA6061 alloy in
uniaxial compression (UC) (Ref 1, 15, 16), but studies of those
in the PSC condition are insufficient. Ezatpour et al. (Ref 1)
established the constitutive models and processing maps for a
6061-T6 alloy by UC tests and found that the microstructure
evolution mechanisms transformed from dynamic recovery
(DRV) to dynamic recrystallization (DRX) with increasing
temperature and decreasing strain rate. Dorbane et al. (Ref 17)
examined the microstructure response of AA6061 alloy by
uniaxial loading. In addition, the microstructure evolution
mechanisms of AA6061 alloy subjected to cryogenic multidi-
rectional forging and warm rolling were revealed by Rao et al.
(Ref 18, 19). These results indicate a clear difference in the
microstructures with increasing strain. Additionally, Hurley
et al. (Ref 20) analyzed the influence of processing parameters
on the grain structures of a 6061 alloy during hot rolling and
developed recrystallization models.

According to previous studies (Ref 1, 4, 21-23), the
constitutive model can be applied to simulate the flow behavior
of the AA6061 alloy under UC. However, there is almost no
attention devoted to the deformation behavior of the AA6061
alloy under PSC using a constitutive model and processing
map. The processing map can be used to determine the
optimum deformation parameters. Moreover, the reliability of
the simulation results strongly depends on the constitutive
model and deformation parameters. Thus, further studies are
still required for a better understanding of these factors. In this
study, a comparative study of the deformation behavior of an
AA6061 alloy under UC and PSC was conducted on a Gleeble-

Volume 28(6) June 2019—3487


http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-019-04107-x&amp;domain=pdf

3500 thermal simulator. The constitutive models were estab-
lished, and the processing maps were developed. The optimum
deformation parameters were obtained according to the pro-
cessing maps and the observed microstructures. The results
provide experimental evidence for hot ring rolling simulation in
an AA6061 alloy.

2. Materials and Experimental Methods

The chemical composition of the AA6061 alloy used in this
study is shown in Table 1. The AA6061 billet was produced by
a continuous casting process. The homogenization heat treat-
ment at 550 °C for 8 h was performed, and then the billet was
slowly cooled to room temperature in air. The cylindrical
specimens with a diameter of 10 mm and height of 15 mm
were wire-cut from the as-cast billet for UC. The rectangular
specimens with a length of 20 mm, width of 15 mm and height
of 10 mm for PSC were also machined. Isothermal compres-
sion tests were conducted using UC and PSC techniques. The
specimens were heated to 450 °C at a heating rate of 5 °C s~
and soaked for 3 min. Subsequently, the specimens were cooled
to the test temperatures at 5 °C s~' and held for 1 min to
eliminate the temperature gradient. The compression tests were
carried out on a Gleeble-3500 thermal simulator at temperatures
of 300 °C, 350 °C, 400 °C, 420 °C and 450 °C and strain rates
of 0.01 s7',0.1s7 ", 1 s "and 5s". A tantalum sheet with a
thickness of 0.1 mm and graphite foil lubricant were used to
reduce the friction between the specimens and the anvils. The
specimens were compressed to a true strain of approximately
0.9. After compression, the specimens were immediately
quenched in water to room temperature to preserve the
deformed microstructure. For the UC and PSC conditions, the
load-stroke data measured in these tests were converted
automatically into true stress-strain curves. To observe the
microstructure, the compressed specimens were sectioned
axially parallel to the compression axis and prepared for
optical microscopy (OM, VHX-600E) by conventional meth-
ods, such as being ground, mechanically polished and etched
by Keller’s reagent. The average grain size was estimated using
the method described in the ASTM E112 standard.

3. Results and Discussion

3.1 Initial Microstructure

Figure 1 presents the initial microstructure of the as-cast
AA6061 alloy subjected to the homogenization heat treatment.
The average grain size is approximately 75 pm. And some
coarse second-phase particles are distributed along grain
boundaries.

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

Si Fe Mg Mn Cu Zn Cr Ti Al

0.67 065 096 0.12 030 0.20 0.10 0.13 Balance
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3.2 Flow Stress Behavior

The true stress-strain curves of the AA6061 alloy obtained
from the PSC and the UC tests are shown in Fig. 2 and 3,
respectively. It can be clearly seen that the stress increases
dramatically to a peak value as the strain increases during the
initial stage of deformation. Then, as the deformation exceeds
the peak strain, the stress remains constant or decreases slightly
to a certain value. Finally, it enters the steady-state stage, which
is mainly attributed to work hardening and softening (Ref 24).
It can also be seen that the stress increases with increasing
strain rate at a constant temperature. The stress mainly depends
on the DRV, and the dynamically recrystallized grains do not
have enough time to fully accommodate at the high strain rate,
and the softening effect cannot fully offset the hardening effect.
Moreover, the stress decreases gradually with increasing
temperature at a constant strain rate. This is simultaneously
caused by the increase in the thermal activation and the
decrease in the critical shear stress of crystal slip. The
obstruction of the dislocation motion and the crystal slip is
reduced. The softening effect gradually increases (Ref 25, 26).
In addition, DRX is favorable for steady-state deformation by
continuous stress softening and microstructure reconstitution
(Ref 27). Thus, steady-state deformation is obtained because
the competition between the hardening effect and softening
effect reaches a dynamic balance. Moreover, a steady state
usually results from the balance of the work hardening and
DRV in aluminum alloys.

It is worth noting that the stress under PSC is slightly higher
than that under UC under the same conditions. The stress-strain
curves during PSC exhibit different characteristics. At lower
strain rates (< 1s7'), the stress in the PSC decreases
monotonically after the peak strain. The temperature has a
clear effect on the degree of stress softening. For example, the
softening degree is approximately 20 MPa at 300 °C/0.01 s,
while it is only approximately 5 MPa at 450 °C/0.01 s~ as
shown in Fig. 2(a). Under UC, the stress after the peak strain
does not show obvious change across the accumulative strain.
Moreover, the results show that at lower temperatures
(< 400 °C) and lower strain rates (< 1s ') under PSC,
the AA6061 alloy presents high stress softening. Therefore, in
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Fig. 1 Initial microstructure of the as-cast AA6061 alloy
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this study, it was demonstrated that continuous stress softening
behavior plays a dominant role in PSC.

3.3 Constitutive Analysis

The relationship among the flow stress, strain rate and
temperature at a constant strain can be expressed as the
hyperbolic sine-type equation proposed by Sellars and McTe-
gart (Ref 28). The sensitivity of the stress to the temperature
and strain rate can also be characterized by the Zener-Hollomon
parameter (Z) based on the exponent-type equation (Ref 29-31):

Z = ¢exp(Q/RT) = Fi(0) = 410™ (Eq 1)
Z = Fy(0) = Ay exp(fo) (Eq2)
Z = F(o) = A[sinh(«0)]" (Eq 3)

where ¢ is the flow stress (MPa); ¢ is the strain rate (s 1); Qis
the apparent activation energy (kJ mol'); T is the absolute
temperature (K); R is the universal gas constant
(8.314 1] mol ™! K’l); A, Ay, A>, f and o are material constants;
n and n; are the stress exponents; and o can be calculated as
o= p/n.

The power law Eq 1 and exponent-type Eq 2 are suitable for
a low stress level (xo < 0.8) and high stress level (0o > 1.2),
respectively. Then, f§ and n; are taken as the average values of
the slopes in the Iné versus ¢ plots and Iné versus Ino plots,
respectively, at a series of temperatures. The hyperbolic sine
law, Eq 3, is a more general form suitable for all stress levels.
Thus, the following relationship between the strain rate and
stress can be obtained by substituting Eq 1 into Eq 3:
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& = A - [sinh(as)]"exp[—Q/RT] (Eq 4)

To calculate the values of n and Q, the natural logarithm and
partial differential of both sides of Eq 4 are taken as follows:

Insinh(og) = (1/n) Iné+ Q/(nRT) — (1/n) In4 (Eq 5)
_ dlné Jln[sinh(a0)]]
o-r {a m[smh(mﬂ { o(1/T) }‘ Rn§ — (Ea)

The n and Q can be evaluated using Eq 5 and 6 and the true
stress-strain data. The » is the average slope of Iné versus
In[sinh(a0)] plots, and the S is the average slope of In[sinh(ag)]
versus (1/7) plots. In this study, the peak stresses are used to
calculate the required material constants, and the detailed
procedure is given below.

The plots to determine the average values of f8, ny, n and S
for PSC and UC are presented in Fig. 4(a), (b), (c) and (d) and
5(a), (b), (c) and (d), respectively. Additionally, taking the
natural logarithm of both sides of Eq 3, the value of A4 is
expressed as:

InZ = In4 + nlnsinh(xo) (Eq 7)

By substitution of the InZ values in Table 2 into Eq 7, the
results are obtained and are given in Fig. 6. The material
constants are listed in Table 3. Equation 8 and 9 is the
constitutive models for the AA6061 alloy under PSC and UC
with activation energies Q of 1752 kJmol”' and
201.9 kJ mol™ ', respectively. It is well known that the
activation energy is an important parameter for hot deformation
and is closely related to the deformation mode except for the
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Fig. 3 True stress-strain curves of AA6061 under UC with strain rates of (a) 0.01 s~'; (b) 0.1 s7'; (¢) 1 s™'; and (d) 5 s~

alloy content and heat treatment (Ref 29, 32-34). In this study,
the Q values for the AA6061 alloy under UC and PSC are
lower than that for the solution heat-treated 6061 alloy
274 kJ mol_l) (Ref 1), and higher than that for self-diffusion
energy in pure aluminum (143 kJ mol™") (Ref 35, 36).

& =7.06 x 10" - [sinh(0.013340)]**"* exp[—175200/RT]
(Eq 8)

£=8.51x 10" . [sinh(0.015280)]** " exp[—201900/RT]
(Eq 9)

As shown in Table 3, the AA6061 alloy under PSC is
characterized by a low activation energy, which strongly
depends on the propagation of shear bands. Under UC, the
maximum equivalent stress is concentrated in the center region
of the specimen, as shown in Fig. 7(a). However, it is mainly
concentrated at the side-edge between the rectangular specimen
and anvils for PSC, as shown in Fig. 7(b). It is suspected that
the maximum equivalent stress originated from the additional
shear stress caused by the effect of the friction and tensile stress
of the specimen under PSC (Ref 11). As the accumulated strain
increases, the stress increases and further facilitates the
propagation of shear bands. Additionally, as described by
Cheng et al. (Ref 11), the shear bands in specimens under PSC
are distinctly different from those under UC. The hardening
rate can be reduced by the shear bands at low tempera-
tures (< 400 °C) and low strain rates (< 1 s '). Therefore,

3490—Volume 28(6) June 2019

high stress softening is obtained, which results in a low
activation energy during PSC.

As presented in Table 2 and Fig. 6, the Z parameter values of
the AA6061 alloy during PSC and UC increase with increasing
strain rate and decreasing temperature. Moreover, in Fig. 6, the
correlation coefficient R for the regression analysis is greater than
0.99 and 0.98 during PSC and UC, respectively, which demon-
strates that the developed constitutive models can provide a
reliable estimate for the flow stress of the AA6061 alloy.

3.4 Processing Maps and Microstructure Evolution

Hot processing maps are helpful to optimize the deformation
parameters for a wide range of metals and alloys. They have
been widely used in the investigation of several mechanisms,
such as DRV, DRX and flow instabilities (Ref 37, 38). Based on
the dynamic materials model (DMM), the total power P
consists of two complementary parts: the G content represent-
ing the power dissipated by plastic work and the J content
related to the microstructure evolution. The total power is
described as follows:

& a
P=0i=G+J = / adé +/ édo (Eq 10)
0 0

where ¢ is the instantaneous flow stress and ¢ is the strain rate.
The dissipated power J is calculated by:

g
J:/ ido=—"
0 m+1

oi (Eq 11)
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where m is the strain rate sensitivity. The value of J for a
nonlinear dissipater is normalized with that of a linear dissipater
(m = 1) to obtain the efficiency of the power dissipation and is
given by:

B ﬂ _ (0Ohna
"=\d6),,” \omai),,

An efficiency of power dissipation (EPD) implies that the
input power is dissipated by the microstructure evolution
including the DRV, DRX and superplasticity. The rate of this
change compared to an ideal linear dissipater is given by the
dimensionless parameter (1) called the efficiency of power
dissipation:

(Eq 12)

2m

= Eq 13
m+ 117 (Eq 13)

n
At a given strain, the variation of the EPD with the
temperature and strain rate forms a map called a power
dissipation map. In addition, an instability map is proposed
based on the extremum principles of irreversible thermody-
namics as applied to the continuum mechanics of a large plastic
flow. The instability parameter ¢ is described by (Ref 39-41):
ol 1
_ n(m/m + )+m<0

<@ 0lné -

The instability map can be formed by the change in & with
the temperature and strain rate, and the instability regions in
this map can also be clarified by using the criterion ¢ < 0. In
regions with instability, microdefects involving flow localiza-

(Eq 14)
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tion, adiabatic shear bands and crack propagation are predicted
to occur during hot deformation. Thus, at a constant strain, the
hot processing map can be developed by superimposing an
instability map on a power dissipation map.

According to the above methods, the UC and PSC
processing maps for the AA6061 alloy at a strain of 0.7 are
presented in Fig. 8. The contour numbers show the EPD as a
percentage, and the shaded areas represent the instability
domains. From Fig. 8, it can be clearly seen that the EPD for
the UC and PSC conditions varies with the temperature and
strain rate. The map for the UC condition exhibits one region
with a high EPD: in a temperature range of 360-450 °C and a
strain rate range of 0.03-0.3 s™', with a peak EPD approxi-
mately 31% occurring at 450 °C/0.1 s~'. For the PSC condi-
tion, three regions with a high EPD are identified. 1) One
region is in a temperature range of 360-420 °C and a strain rate
range of 1-5s ' with a peak EPD approximately 33%
occurring at 390 °C/5 s™'. 2) The second region is in a
temperature range of 430-450 °C and a strain rate range of
0.01-0.05 s~ ', with a peak EPD approximately 42% occurring
at 450 °C/0.01 s™'. 3) The third region is in a temperature
range of 320-400 °C and a strain rate range of 0.01-0.05 s,
with a peak EPD approximately 35% at 370 °C/0.01 s~ .

Previous research indicated that the EPD reflects the
microstructure evolution, and the EPD values related to the
DRV and DRX are 25-30% and 30-50%, respectively (Ref 42).
Gandhi (Ref 43) concluded that DRV and DRX are beneficial
processes because they can provide very considerably low
stress and hardening rates. Thus, the intrinsic workability can
be enhanced by eliminating microdefects and reconstituting the

Volume 28(6) June 2019—3491
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1.5

microstructure. Compared to the UC of the AA6061 alloy, the
instability domain is relatively narrow during PSC, which
occurs only at low temperatures (< 340 °C) and high strain
rates (> 1 s~1), as shown in Fig. 8(b).

Generally, the workability of metals and alloys tends to be
improved by increasing the temperature and decreasing the
strain rate (Ref 44). However, the low EPD presented in
Fig. 8(a) implies a contrary result: The EPD of the AA6061
alloy under UC is lower than 18% in a temperature range of
400-450 °C and a strain rate range of 0.01-0.05 s~'. This can
be well explained by the observed microstructures; significant
grain growth dominates at 420 °C/0.01 s~ (InZ = 30.43). In
Fig. 9(c), the average grain size is approximately 60 um, and
the coarse grains definitely deteriorate the workability of the
AA6061 alloy. In the high-EPD domain (400 °C/0.1 s~ "), the
grains are characterized by an elongated morphology and

Journal of Materials Engineering and Performance



Table 3 Values of material constants of AA6061 alloy under PSC and UC

Condition A4,s7! p Ny o, MPa™! N 0, kJ mol ™!
PSC 7.06 x 10'2 0.11817 8.8569 0.01334 6.4748 175.2
ucC 8.51 x 10" 0.14361 9.3946 0.01528 6.8174 201.9
Maximum Maximum
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Fig. 8 Processing maps of the AA6061 alloy at a strain of 0.7: (a) UC and (b) PSC conditions

subgrains, which are typical features of DRV (Figs. 9a and
10a). As the temperature increases, new recrystallization grains
are observed, which demonstrate a slight DRX, as shown in
Figs. 9(b) and 10(b) (InZ = 31.28). However, the subgrains can
also be found in transgranular locations and boundaries under
this condition. Subsequently, the size and volume fraction of
the recrystallized grains increase. This is attributed to the
combined effect of the temperature and strain rate on the
recovery process. In Fig. 8(a), it can also be found that the EPD
values for the DRV and DRX during UC are mainly between
28% and 31%, respectively. At 400 °C/5 s~ ' (InZ = 37.68), an
instability is caused because the insufficient deformation heat
expanded from the center regions to the cooler areas of the
specimens. The grains are distinctly elongated, as presented in
Fig. 9(d). Thus, the softening mechanism in the AA6061 alloy
after UC is the DRV, accompanied by slight DRX and grain
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growth with a decrease in the Z value (shown in Table 2).
Zhang et al. (Ref 45) also analyzed similar softening mecha-
nisms during thermal deformation using isothermal compres-
sion tests.

In addition, the flow instability during PSC can also be seen
in Fig. 11(d) by the high Z value. Compared to the AA6061
alloy under UC with a low strain rate of 0.1 s~', the DRV
mechanism is clarified under PSC with a high strain rate of
5s 1 At 400 °C/5 s~ (InZ = 32.91), the microstructure under
PSC is mainly characterized by elongated grains and a large
number of subgrains. The serrated boundaries are formed
because of the preferred recovery in the vicinity of the grain
boundaries, as shown in Fig. 11(a) and 12(a). The presence of
the serrated boundaries is an indication of the occurrence of
extended DRV (Ref 1). Thus, it can be concluded that the
driving force is not high enough to cause DRX, resulting in
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Fig. 9 Microstructures of the AA6061 alloy after UC under different conditions: (a) 400 °C/0.1 s™' (InZ = 33.77); (b) 450 °C/0.1 57!
(InZ = 31.28); (c) 420 °C/0.01 s~ (InZ = 30.43); and (d) 400 °C/5 s~! (InZ = 37.68)
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Fig. 10 EBSD maps of the AA6061 alloy after UC under different conditions: (a) 400 °C/0.1 s™' (InZ = 33.77) and (b) 450 °C/0.1 5!

(InZ = 31.28)

DRV. Additionally, recrystallized grains are observed at
350 °C/0.01 s~ (InZ = 29.21), and their average grain size
and the DRX fraction increase as the temperature increases to
400 °C. In Fig. 11(b) and (c), the microstructures are charac-
terized by elongated grains with the nucleation of new fine
grains along boundaries. Moreover, the recrystallized grains are
also shown in Fig. 11(c) and 12(b) with a low Z value. It can

3494—Volume 28(6) June 2019

also be found that the grain size increases and the subgrains
decrease. Thus, as the Z value decreases, the DRX is enhanced
under PSC compared with that under UC. However, the degree
of DRX is still low during PSC. The softening mechanisms in
the AA6061 alloy after PSC and UC are mainly due to DRV
that is accompanied by a slight DRX. According to the
developed processing maps and the microstructures, the
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Fig. 11 Microstructures of the AA6061 alloy after PSC under different conditions: (a) 400 °C/5 s™' (InZ = 32.91); (b) 350 °C/0.01 s~ !
(InZ = 29.21); (c) 400 °C/0.01 s~ ' (InZ = 26.70); and (d) 300 °C/5 s~ (InZ = 38.38)
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Fig. 12 EBSD maps of the AA6061 alloy after PSC under different conditions: (a) 400 °C/5 s~' (InZ = 32.91) and (b) 400 °C/0.01 s '
(InZ = 26.70)
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optimum processing windows in a temperature range of 360-
450 °C and a strain rate range of 0.03-0.3 s~ ' with a peak EPD

of

31% are suggested for the UC, and for the PSC, the

temperature range of 320-400 °C and strain rate range of 0.01-
0.05 s~" with a peak EPD of 35% are recommended.

4.
(M

@

3

Conclusions

Under the same deformation conditions, the flow stress
under PSC is higher than that under UC. The constitu-
tive models for PSC and UC can be represented by the
Zener-Hollomon parameter (Z) in a hyperbolic sine-type
equation with activation energies O of 175.2 kJ mol !
and 201.9 kJ/mol, respectively.

Compared to that during UC, the instability domain of
the AA6061 alloy is narrower during PSC. As the Z va-
lue decreases, the DRX tendency increases during PSC.
The softening mechanisms in the AA6061 alloy after
PSC and UC mainly involve the DRV accompanied by a
slight DRX.

The optimum parameters for UC include a temperature
in the range of 360-450 °C and a strain rate in the range
of 0.03-0.3 s~ ! with a peak EPD of 31%, and for PSC,
the optimum parameters include a temperature in the
range of 320-400 °C and a strain rate in the range of
0.01-0.05 s~ ' with a peak EPD of 35%.
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