
Research Article
Study on Constitutive Characteristic of As-Cast AA6061
Alloy under Plane Strain Compression Based on
Orthogonal Analysis

Fangcheng Qin ,1,2 Huiping Qi ,3 Yuehua Kang,1 and Chongyu Liu2

1Guangdong Institute of Materials and Processing, Guangzhou 510650, China
2College of Materials Science and Engineering, Guilin University of Technology, Guilin 541004, China
3School of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China

Correspondence should be addressed to Huiping Qi; qhp9974@tyust.edu.cn

Received 17 March 2019; Revised 14 July 2019; Accepted 22 August 2019; Published 30 September 2019

Academic Editor: Ulrich Prahl

Copyright © 2019 FangchengQin et al.+is is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Constitutive relationship and microstructure evolution of as-cast AA6061 alloy were studied using plane strain compression
(PSC) under the temperature of 300–450°C, the strain rate of 0.01–5 s− 1, and the strain of 0.9. It is found that the flow stress
decreases with increasing temperature and decreasing strain rate. +e dynamic recovery (DRV) and recrystallization (DRX) are
found to easily occur by optical microscopic (OM) techniques. +e softening mechanisms are mainly due to DRV that is
accompanied by a slight DRX. Based on orthogonal analysis, the strain should be taken into account to derive the constitutive
model accurately, and the interaction effect between the strain rate and temperature on the stress can be neglected when compared
with the individual effect of the strain rate and temperature. +e strain-compensated constitutive models based on orthogonal
experiment are established, and the activation energy Q is found to be 158.465 kJ/mol. +e correlation coefficient and the average
absolute relative error between the experimental and the predicted results are 0.9946 and 4.2656%, respectively. +e developed
models can be used to predict the stress precisely at a wide range of strains, strain rates, and temperatures.

1. Introduction

AA6061 alloy is widely used in industries for the production
of critical ring components in aerocraft, high-speed rail, and
automobile due to its superior properties such as high-
specific strength, excellent corrosion resistance, and sound
weldability [1–3], and the hot ring rolling (HRR) is an
advanced incremental forming technique to fabricate alu-
minium ring components [4, 5]. +e thickness of the ring
blank is gradually reduced with a progressively narrowing
gap between the driving roll and idle roll during HRR, and
the height of the ring is controlled by the axial rolls [6]. +e
ring blank experiences a complicated stress/strain state,
which results in the flow behavior and microstructure
evolution in the HRR that is different from those in the hot
forging [7, 8]. +us, the HRR is a complex-forming process
with the characteristics of coupled thermomechanical

effects, such as multipass, nonisothermal, and asymmetry
deformation (plane strain compression).

It is widely reported that numerical investigation can pro-
vide a convenient way to study the microstructure evolution in
the HRR by the combination of constitutive model, micro-
structure evolution model, and the finite element (FE) method
than the experimental methods [9, 10]. As themacroreflection is
related to the mechanisms of microscopic deformation and
microstructure evolution, the flow behavior of the ring blank at
elevated temperature is often characterized by the constitutive
model [11]. However, the reliability of the numerical simulation
heavily depends on how precisely the deformation behavior of
the material is being represented by the constitutive model [12].
+erefore, it is critical to develop accurate constitutive model
first. In the last few decades, some comprehensive reviews on
constitutive modeling in hot working of metals and alloys could
be found in international publications [13–16]. +e constitutive
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models are divided into three categories, including the phe-
nomenological, physical-based, and artificial neural network
(ANN) models, and their developments, prediction capabilities,
and application scopes were introduced in detail, respectively
[16]. Amongst the phenomenological constitutive models, the
hyperbolic-sine law in an Arrhenius-type equation has been
commonly used to derive the relationship of flow stress, strain
rate, and temperature and also used as an input to numerical
investigation for optimizing the process parameters [17–19].
Some studies [14, 15, 20] revealed that the strain does exert an
important influence on the elevated temperature flow behavior
for a wide range of metals and alloys. +us, the modified
Arrhenius-type model by the compensation of strain is de-
veloped to represent the flow behavior and deformation re-
sponse of as-forged 42CrMo steel [21], modified 9Cr-1Mo
ferritic steel [12, 22], and Al alloys [14] under specified loading
conditions. Moreover, the orthogonal design and regression
analysis are used to evaluate the significance of the influences of
temperature, strain rate, and strain, as well as interaction be-
tween temperature and strain rate on flow behavior of TiNiNb
and Ti17 alloys, and the results show that the effect of interaction
between temperature and strain rate can be neglected in
comparison with other factor [11, 19].

Until now, many research efforts mainly concentrate on
the constitutive modeling in a hyperbolic-sine law of
AA6061 alloy using uniaxial compression (UC) [23, 24], but
studies associated with those in plane strain compression
(PSC) condition are insufficient [25]. And the effect of strain
on the material constants in constitutive modeling is also not
analyzed by orthogonal experiment. +e effect degree of the
strain on the flow stress is still unclear. However, the re-
liability of the simulation results strongly depends on the
constitutive model. +us, the further studies on constitutive
modeling are still required for a better understanding of
these factors. In this study, the constitutive relationship and
microstructure evolution of as-cast AA6061 alloy subjected
to PSC were studied. Experimental stress-strain data carried
out on a Gleeble-3500 thermal simulator were used to de-
termine the material constants in these models, in-
corporating the effects of strain, strain rate, and temperature
based on orthogonal experiment and regression analysis.
+e accuracy and reliability of these models for predicting
the flow stress of the AA6061 alloy were evaluated.

2. Experimental Procedures

A commercial AA6061 alloy with the chemical composition
(wt. %) of 0.67Si, 0.65Fe, 0.96Mg, 0.12Mn, 0.30Cu, 0.20Zn,
0.10Cr, 0.13Ti, and Al (balance) was used in this study. +e
AA6061 billet was produced by a continuous casting process.
+en, a homogenized treatment at 823K for 8 hwas performed
and slowly cooled to room temperature in air. +e rectangular
specimens with a length of 20mm, width of 15mm, and height
of 10mm for PSC were wire-cut from the as-homogenized
billet. Isothermal compression tests were conducted using PSC
techniques [8, 26]. +e specimens were heated to 723K at a
heating rate of 5K/s and soaked for 3min. Subsequently, the
specimens were cooled to the tested temperatures at 5K/s and
held for 1min to eliminate the temperature gradient. +e

compression tests were carried out based on ASTM E209
standard using a Gleeble-3500 thermal simulator at temper-
atures of 573K, 623K, 673K, and 723K and strain rates of
0.01 s− 1, 0.1 s− 1, 1 s− 1, and 5 s− 1, respectively. A tantalum sheet
with a thickness of 0.1mm and graphite foil lubricant were
used to reduce the friction between the specimens and the
anvils. +e specimens were compressed to a true strain of
approximately 0.9. After tests, all specimens were quenched
immediately in water to reserve deformed microstructure. +e
temperature and the load-stroke data weremeasured by K-type
thermocouple. True stress-strain curves were converted au-
tomatically from the load-stroke data [19].

3. Results and Discussion

3.1. True Stress-Strain Curves. Figure 1 shows the true stress-
strain curves of the AA6061 alloy under PSC [27]. It can be
clearly seen that the stress increases with increasing strain rate
at a constant temperature. It is mainly associated with the
DRV and DRX that have not enough time to fully carry out at
the high strain rate, whose softening effect cannot offset the
hardening effect to some extent.Moreover, as the temperature
increases, gradual decreases in stress can be found at a
constant strain rate. +is is simultaneously caused by the
increase in the thermal activation and the decrease in the
critical shear stress of crystal slip, and the obstructions of
dislocation motion and crystal slip are reduced. +e driving
force of recrystallization increases, and then, the DRX ac-
celerates and softening effect gradually increases [28, 29].
Importantly, the DRX is favorable for steady-state de-
formation by continuous stress softening and microstructure
reconstitution [30]. +us, the steady-state deformation is
obtained because the competition between the work hard-
ening effect and softening effect reaches to a dynamic balance.

It is worth noting that the stress-strain curves exhibit
different characteristics under PSC. At lower strain rates
(≤1 s− 1), the stress decreases monotonically after the peak
strain. It is mainly because the sufficient deformation time is
given to dislocation motion and heat dissipation, leading to
dynamic recovery or recrystallization. On the contrary, the
dislocation density increases at higher strain rates, which
results in an obvious work hardening. Moreover, the tem-
perature has a clear effect on the degree of stress softening.
For example, the softening degree is approximately 20MPa
at 573K/0.01 s− 1, while it is only approximately 5MPa at
723K/0.01 s− 1, as shown in Figure 1(a). +e results indicate
that the stress at lower temperatures (≤673K) and lower
strain rates (≤1 s− 1) presents a higher softening compared
with the other deformation conditions. +erefore, in this
study, it was demonstrated that a continuous stress softening
behavior plays a dominant role in PSC [27].

3.2. Microstructural Characterization. +e microstructures
of the AA6061 alloy under PSC are presented in Figure 2.
+e DRV mechanism is clarified with a high strain rate of
5 s− 1. At 400°C/5 s− 1, the microstructure is mainly charac-
terized by the elongated grains and a large number of
subgrains. +e serrated boundaries are formed because of

2 Advances in Materials Science and Engineering



the preferred recovery in the vicinity of grain boundaries, as
shown in Figure 2(a). +e presence of the serrated
boundaries is an indication of the occurrence of extended
the DRV [23]. +us, it can be concluded that the driving
force is not high enough to cause DRX, resulting in DRV.
Also, the recrystallized grains are observed at 350°C/0.01 s− 1,
and their average grain size and the volume fraction of the
DRX increases as the temperature increases to 400°C. In
Figures 2(b) and 2(c), the microstructures are characterized
by the elongated grains with the nucleation of new fine
grains along boundaries. Moreover, the recrystallized grains
are also shown in Figure 2(c) with a low strain rate and high
temperature. It can also be found that the subgrains decrease
and the grain size increases.+us, as the strain rate decreases
and temperature increases, the DRX is enhanced. However,
the degree of DRX is still low. +e softening mechanisms in
the AA6061 alloy after PSC are mainly due to DRV that is
accompanied by a slight DRX.

3.3.Arrhenius-TypeConstitutive Equations. +e relationship
among the flow stress, strain rate, and temperature at a

constant strain can be expressed as the Arrhenius-type
equation proposed by Sellars andMcTegart [31]. Besides, the
Zener–Hollomon (Z) parameter can be used to describe the
effects of the temperature and strain rate on the flow stress
[32, 33]:

Z � _ε exp
Q

RT
  � F1(σ) � A1σ

n1 , (1)

Z � F2(σ) � A2 exp(βσ), (2)

Z � F(σ) � A[sinh(ασ)]
n
, (3)

where σ is the flow stress (MPa); _ε is the strain rate (s− 1);Q is
the activation energy (kJ/mol); T is the absolute temperature
(K); R is the universal gas constant (8.314 J/mol·K);A,A1,A2,
β, and α are material constants; n and n1 are the stress
exponents; and α can be calculated as α� β/n1.

+e power law equation (1) and exponent-type equation
(2) are suitable for a low stress level (ασ < 0.8) and high stress
level (ασ > 1.2), respectively. +e hyperbolic-sine law, equa-
tion (3), is a more general form suitable for all stress level.
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Figure 1: True stress-strain curves of the AA6061 under PSC with strain rates of (a) 0.01 s− 1; (b) 0.1 s− 1; (c) 1 s− 1; and (d) 5 s− 1.
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According to equations (1) and (2), the β and n1 are taken as
the average values of the slopes in the ln _ε vs. σ plots and ln _ε
vs. ln σ plots, respectively, at a series of temperatures.

+us, for all stress level, the following relationship be-
tween strain rate and stress can be derived by substituting
equation (1) into equation (3):

_ε � A · [sinh(ασ)]
n exp

− Q

RT
 . (4)

To obtain the values of the n andQ, the natural logarithm
and partial differential of both sides of equation (4) are taken
as follows:

ln sinh(ασ) �
1
n
ln _ε +

Q

nRT
−
1
n
lnA, (5)

Q � R
z ln _ε

z ln[sinh(ασ)]
 

T

·
z ln[sinh(ασ)]

z(1/T)
 

_ε
� RnS.

(6)

Combining with the true stress-strain curves, the n and
Q can be evaluated using equations (5) and (6). +e n is the
average slope of ln _ε vs. ln[sinh(ασ)] plots at different
temperatures, and S is the average slope of ln[sinh(ασ)] vs.
(1/T) plots at different strain rates. In this study, the peak
stresses are used to calculate the required material constants.
+e plots to determine the average values of β, n1, n, and S
for PSC are presented in Figures 3(a)–3(d), respectively [27].

Additionally, taking the natural logarithm of both sides
of equation (3), the value of A can be expressed as follows:

lnZ � lnA + n ln sinh(ασ). (7)

By substituting the lnZ values into equation (7), the A
value can be calculated. +e material constants are listed in
Table 1, and equation (8) is the Arrhenius-type constitutive
models for the AA6061 alloy under PSC with the activation
energy Q of 175.836 kJ/mol. +e Q is an important pa-
rameter serving as an indicator of difficulty degree in
plasticity deformation, which is closely related to de-
formation mode in addition to alloy content and heat
treatment [32, 34–36].
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Figure 2: Microstructures of the AA6061 alloy after PSC under different conditions: (a) 400°C/5 s− 1; (b) 350°C/0.01 s− 1; (c) 400°C/0.01 s− 1;
and (d) 300°C/5 s− 1.
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_ε � 7.06 × 1012 · [sinh(0.01272σ)]
6.5476 exp

− 175836
RT

 .

(8)

3.4. Constitutive Models Based on Orthogonal Analysis

3.4.1. Orthogonal Analysis. It is generally reported that the
effect of the strain on flow behavior is unconspicuous, and
thereby not considered in constitutive modeling [22, 37, 38].
In addition, some studies revealed that the materials

constants in the Arrhenius-type constitutive equations
varied with the strain, and the modified constitutive models
by compensation of strain are proposed [14, 15, 20].
However, the influence degree of the strain on the flow stress
of the AA6061 alloy is still unclear.

To estimate the effect of the strain rate, temperature,
strain, and interaction between the strain rate and tem-
perature on the flow stress, some values of the stress related
to the relevant conditions under PSC shown in Table 2 are
introduced to the orthogonal experiment. An orthogonal
test table (L32 (81∗ 48)) is used to present the influence

β = 0.1167

573K
623K

673K
723K

30 60
σ
90 120 150

–5

–4

–3

–2

–1

0

1

2

In
 ε·

(a)

573K
623K

673K
723K

n1 = 9.1737

–5

–4

–3

–2

–1

0

1

2

In
 ε·

3.5 4.54.0 5.0
In σ

(b)

n = 6.5476

573K
623K

673K
723K

–5

–4

–3

–2

–1

0

1

2

In
 ε·

–0.5 0.0 0.5 1.0 1.5–1.0
In sinh (ασ)

(c)

In
 si

nh
 (α

σ)
S = 3.2301

0.01s–1

0.1s–1
1s–1

5s–1

–1.0

–0.5

0.0

0.5

1.0

1.5

1.5 1.6 1.7 1.81.4
1000/T (K–1)

(d)

Figure 3: Relationships between (a) ln _ε-σ; (b) ln _ε-lnσ; (c) ln _ε-ln[sinh(ασ)]; and (d) ln[sinh(ασ)]-(1/T) for PSC.

Table 1: Values of material constants of the AA6061 alloy under PSC [27].

Conditions A (s− 1) β n1
α

(MPa− 1) n Q
(kJ/mol)

PSC 7.06×1012 0.1167 9.1737 0.01272 6.5476 175.836
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factors and the experimental program of orthogonal anal-
ysis, as given in Tables 2 and 3. In addition, Table 3 also
provides the stress values, and it will be regarded as objective
function to estimate the significance of those factors. Table 4
indicates the calculated results about PSC of the AA6061
alloy, respectively. In the above tables, SS is the sum of
squares of deviations; df is the degree of freedom; MS is the

average value of squares of deviations that is equal to SS
divided by the corresponding df; F is the f-distribution in
Mathematic Statistic, which is used to evaluate the signifi-
cance of each influence factor on the stress.

In Table 4, the stresses of the AA6061 alloy under PSC are
extremely sensitive to the temperature and strain rate.
Moreover, it is worth noting that the strain has an influence
on the stress that cannot be neglected with F about 22.362.
However, the interaction effect between the strain rate and
temperature on the stress with F of 9.06 can be neglected
when compared with the individual effect of the strain rate
and temperature.

3.4.2. Contribution Functions and Constitutive Models. It
can be concluded from the results of orthogonal analysis that
the strain also should be taken into account to derive the
constitutive model accurately. In order to construct the
model considering the effect of temperature, strain rate, and
strain on the stress, some values of the stress at the tem-
perature (573K, 623K, 673K, and 723K), strain rate
(0.01 s− 1, 0.1 s− 1, 1 s− 1, and 5 s− 1), and strain (0.1, 0.15, 0.2,
0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, and 0.8)
were used to make regression analysis.

+e average values of the selected stress for as-cast
AA6061 alloy in PSC with the same temperature, strain rate,
or strain could be calculated by the following equation:

σ � 
x

σ(ε, _ε, T)

n
, (9)

where σ is the average value of the selected stress; σ(ε, _ε, T) is
the stress corresponding to the deformation parameters; x is
the variables; and n is the number of the factors. For in-
stance, the stress 79.476MPa is calculated by averaging all
the selected stress values under the same strain of 0.3. +us,
the average values of the AA6061 alloy given in Table 5 can
be used to make regression analysis to derive the constitutive
models concerning the temperature, strain rate, and strain.

According to Figure 4(a), a polynomial function about
the stress and strain of the AA6061 alloy can be expressed as
follows:

σ � − 339.95ε4 + 676.81ε3 − 468.03ε2 + 118.36ε + 70.66.

(10)

+e relationship between the stress and strain rate
plotted in Figure 4(b) is given as follows:

ln σ � 4.4748 + 0.1149 ln _ε. (11)

Table 3: Experimental program of orthogonal analysis with mixed
levels.

Test no.
Column

A B C B∗C Stress (MPa)
1 2 3 4 5 6 7 8 9

1 1 1 1 1 1 1 1 1 1 92.106
2 1 2 2 2 2 2 2 2 2 86.683
3 1 3 3 3 3 3 3 3 3 84.875
4 1 4 4 4 4 4 4 4 4 72.783
5 2 1 3 1 4 2 4 2 3 60.654
6 2 2 4 2 3 1 3 1 4 113.89
7 2 3 1 3 2 4 2 4 1 66.77
8 2 4 2 4 1 3 1 3 2 97.32
9 3 1 2 2 3 4 4 3 1 29.83
10 3 2 1 1 4 3 3 4 2 59.152
11 3 3 4 4 1 2 2 1 3 107.02
12 3 4 3 3 2 1 1 2 4 144.93
13 4 1 4 2 2 3 1 4 3 42.754
14 4 2 3 1 1 4 2 3 4 44.685
15 4 3 2 4 4 1 3 2 1 138.81
16 4 4 1 3 3 2 4 1 2 118.49
17 5 1 3 4 2 4 3 1 2 29.152
18 5 2 4 3 1 3 4 2 1 58.135
19 5 3 1 2 4 2 1 3 4 104.59
20 5 4 2 1 3 1 2 4 3 144.58
21 6 1 1 4 3 3 2 2 4 37.167
22 6 2 2 3 4 4 1 1 3 43.508
23 6 3 3 2 1 1 4 4 2 137.93
24 6 4 4 1 2 2 3 3 1 116.47
25 7 1 4 3 4 1 2 3 2 82.518
26 7 2 3 4 3 2 1 4 1 79.322
27 7 3 2 1 2 3 4 1 4 75.143
28 7 4 1 2 1 4 3 2 3 71.704
29 8 1 2 3 1 2 3 4 4 52.937
30 8 2 1 4 2 1 4 3 3 106.65
31 8 3 4 1 3 4 1 2 2 59.224
32 8 4 3 2 4 3 2 1 1 93.311

Table 4: ANOVA (analysis of variance) table of the AA6061 alloy
under PSC.

Source SS df MS F Sig.
A 37763.21 7 5394.74 22.362 ∗∗

B 73465.94 3 24488.65 168.357 ∗∗∗

C 253116.08 3 84372.03 324.661 ∗∗∗

B∗C 7049.674 9 783.29 9.06 ∗

Error 4064.862 9 451.65
Total 375459.766 31

Table 2: +e list of factors of the AA6061 alloy under PSC.

Level
Factor

A B C
ε _ε (s− 1) T (K)

1 0.1 0.01 573
2 0.2 0.1 623
3 0.3 1 673
4 0.4 5 723
5 0.5
6 0.6
7 0.7
8 0.8
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Table 5: Average values of the flow stress of the AA6061 alloy.

Strain Stress (MPa) Strain rate (s− 1) Stress (MPa) Temperature (K) Stress (MPa)
0.1 78.458 0.01 51.713 573 119.693
0.15 79.913 0.1 68.875 623 89.767
0.2 80.548 1 90.926 673 68.734
0.25 80.244 5 102.06 723 52.356
0.3 79.476
0.35 78.696
0.4 77.759
0.45 76.864
0.5 76.083
0.55 75.754
0.6 75.279
0.65 75.036
0.7 74.701
0.75 74.132
0.8 73.092

R = 0.9982

σ = –339.95ε4 + 676.81ε3 – 468.03ε2 + 118.36ε + 70.66
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Figure 4: Correlation between (a) true stress and strain; (b) ln (true stress) and ln (strain rate); and (c) true stress and 1000/Tunder PSC conditions.
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Taking exponentiation of both sides of equation (11) gives

σ � 87.7805_ε0.1149
. (12)

Equation (12) represents that the average values of the
strain rate sensitivity exponent m for the AA6061 alloy in
PSC is 0.1149, respectively.

+e relationship between the stress and temperature
plotted in Figure 4(c) is given as

σ � 2.6194 exp
2190

T
  � 2.6194 exp

0.1149 × 158.465 × 103

RT
 ,

(13)

in which T is the absolute temperature (K); R is the universal
gas constant (8.314 J/mol·K); the activation energy Q for as-
cast AA6061 alloy can be found to be 158.465 kJ/mol, which
are close to the value of as-forged AA6061 alloy acquired by
[39, 40]. It is worth noting that the Q value based on or-
thogonal design is different from that presented in Table 1,
and the effects of the strain on material constants are
neglected in the Arrhenius-type constitutive equation.

Based on the results of orthogonal analysis, the strain
should be taken into account to derive the constitutive
model, and the interaction effect between the strain rate and
temperature on the stress can be neglected. Moreover, the
chemical composition does not change during hot de-
formation, and the microstructure evolution is also con-
sistent with deformation parameters. +us, the influence of
the temperature, strain rate, and strain on the stress is in-
dependent, and the constitutive relationship of the AA6061
alloy can be expressed as follows [11, 19]:

σ � σ(ε, _ε, T), (14)

σ � σ0 · fε · f_ε · fT, (15)

where ε is the strain; _ε is the strain rate; T is the absolute
temperature (K); σ0 is the initial stress of as-cast AA6061
alloy in PSC conditions; and fε, f_ε, and fT are the con-
tribution factors or influence factors of the strain, strain rate,
and temperature, respectively.

Importantly, the contribution factors should satisfy the
following equation:

1 +
Δσ
σ0

� fε · f_ε · fT. (16)

In equation (16), Δσ is the increment with regard to the
initial stress, Δσ � σ − σ0.

In this study, the average values of the stress corre-
sponding to the minimum value of the selected strain, strain
rate, and temperature in Table 5 should be regarded as the
initial stress in accordance with equations (10)–(13), re-
spectively.+erefore, the initial stress value σ0 of the AA6061
alloy is calculated as 83.28MPa. In addition, the calculation
formulas of the contribution factors fε, f_ε, and fT for the
AA6061 alloy can be obtained by equations (10), (12), and
(13), respectively, through unitary processing according to
the starting value. For instance, the initial contribution value
of fε can be determined by inserting the minimum value of

the selected strain 0.1 into equation (10). +e calculation
formulas of the contribution factors fε, f_ε, and fT for the
AA6061 alloy are described as follows:

fε � − 4.3327ε4 + 8.6261ε3 − 5.9652ε2 + 1.5085ε + 0.9005,

f_ε � 1.6975_ε0.1149
,

fT � 0.02188 exp
0.1149 × 158.465 × 103

RT
 .

(17)

By substitution of fε, f_ε, and fT into equation (15), a
novel constitutive model based on orthogonal analysis can
be developed. Moreover, the effect of both the temperature
and strain rate on the flow stress could be described by the
Zener–Hollomon parameter (Z), which is defined as
Z � _ε exp(Q/RT), and thereby the developed constitutive
model of the AA6061 alloy can be represented as follows:

σ � 3.0931( − 4.3327ε4 + 8.6261ε3 − 5.9652ε2

+ 1.5085ε + 0.9005Z
0.1149

.
(18)

3.4.3. Verification of Constitutive Models Based on Orthog-
onal Analysis. A comparison between the experimental and
the predicted flow stress is conducted to verify the accuracy
of the above-developed constitutive models based on or-
thogonal analysis. Figure 5 shows the detailed comparisons
of the experimental flow stress and the predicted flow stress
of the AA6061 alloy under PSC. It can be found that the
predicted stress could agree well with the experimental stress
throughout the entire strain range toward the compression
conditions. +e predicted stresses increase with the decrease
in temperature and the increase in strain rate, which satisfy
the experimental one. Only in the conditions at 573K with
1 s− 1 and 5 s− 1 for the AA6061 alloy, a slight difference
between the predicted results and experimental results could
be discovered. Both the experimental and predicted results
reveal that the softening effect plays a dominant role after
peak strain [41, 42]. Some researchers found that the stress is
lower at low strain rate and high temperature, and thus, the
DRX is more likely to occur, leading to a considerable grain
refinement [43, 44]. Figures 2 and 5 demonstrate that the
developed constitutive models can fit this conclusion well.

In this study, the correlation coefficient (R) and average
absolute relative error (AARE) are used to evaluate the
correlation between the experimental results and the pre-
dicted results of the flow stress under all testing conditions.
+ey are expressed as follows [11, 22]:

R �


N
i�1 σi

e − σe(  σi
p − σp 

������������������������


N
i�1 σi

e − σe( 
2


N
i�1 σi

p − σp 
2

 ,

AARE(%) �
1
N



N

i− 1

σi
e − σi

p

σi
e




× 100,

(19)

8 Advances in Materials Science and Engineering



where σe is the experimental flow stress; σp is the predicted
flow stress from the developed constitutive model; σe and σp
are the average values of σe and σp, respectively; and N is the
total number of the selected flow stress data in this study.

As indicated in Figure 6, the R � 0.9946 and
AARE � 4.2656% between the experimental and the pre-
dicted flow stress are obtained for as-cast AA6061 alloy,
respectively. However, it should be noted that the higher
value of R does not always imply a better correlation be-
cause the above equation tends to be partial usually to
higher or lower values. +us, the AARE as an impartial
parameter is calculated for estimating the reliability of the
developed models in prediction of the flow stress. From
Figure 6, they reflect the excellent predictability of the
developed models, which can be used as an input in the
finite element analysis to obtain the flow stress at a wide
range of strains, strain rates, and temperatures useful for

predicting the flow localization or fracture during the HRR
of the AA6061 alloy.

4. Conclusions

+e constitutive relationship and microstructure evolution
of the AA6061 alloy were studied by PSC in the temperature
of 300–450°C, the strain rate of 0.01–5 s− 1, and the strain of
0.9. +e main conclusions as follows:

(1) +e flow stress decreases with increasing temperature
and decreasing strain rate. +e softening mechanisms
in the AA6061 alloy after PSC are mainly due to DRV
that is accompanied by a slight DRX.

(2) Based on the results of orthogonal analysis, the strain
should be taken into account to derive the consti-
tutive model accurately, and the interaction effect
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Figure 5: Comparisons of the experimental and the predicted flow stress from the constitutive models based on orthogonal analysis under
PSC conditions.
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between the strain rate and temperature on the stress
can be neglected when compared with the individual
effect of the strain rate and temperature. +e strain-
compensated constitutive model based on orthog-
onal analysis is developed, and the activation energy
Q is found to be 158.465 kJ/mol.

(3) +e correlation coefficient and the average absolute
relative error between the experimental and the
predicted flow stress by the developed models are
0.9946 and 4.2656%, respectively. +us, the developed
constitutive models based on orthogonal analysis can
be used to predict the flow stress precisely at a wide
range of strains, strain rates, and temperatures.
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