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Abstract—For the prediction of the hot f low behavior of materials, the constitutive models have developed in
a form that feeds in computer code to simulate the response of workpiece under the process loading condi-
tions. For this purpose, the hot compression tests were used at different ranges of temperature (623–773 K)
and strain rate (0.005–0.5 s–1) for AA1070 aluminum. In this study constitutive equations based on the mod-
ified Johnson–Cook (JC) and modified Zerilli–Armstrong (ZA) models were established using the experi-
mental data and were compared with an earlier study for the strain-compensated Arrhenius (strain-com Arr)
model to predict the hot f low behavior of the pure aluminum. Then terms of the correlation coefficient (R),
relative error (RE), and average absolute relative error (AARE) were used to evaluate the comparative pre-
dictability of these models. The R values for the modified J–C and modified Z–A are 0.9759 and 0.9760,
respectively. Also, The AARE and mean RE values obtained for the modified J–C model are 9.085 and
1.6624% and for modified Z–A are 7.901 and 0.7840%, respectively.

Keywords: hot deformation behavior, constitutive model, AA1070 aluminum, phenomenological model,
physically-based model
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1. INTRODUCTION

The appropriate properties consist of good fracture
toughness, high strength to weight ratio and corrosion
resistance of aluminum alloys made widely used in
various industries such as aircraft, packaging, automo-
bile, etc. [1, 2].

The f low behaviors of materials are very complex at
high temperatures so the prediction of this behavior is
difficult and complicated and to develop and establish
the proper constitutive equations is very important. As
one of the necessary processes in the manufacturing of
engineering, hot forming is an essential step to control
the microstructure and performance. The hardening
and softening mechanisms are affected by processing
parameters such as the amount of deformation, defor-
mation temperature, and rate. One of the most essen-
tial performance indexes for the hot forming process
is material f low behavior that are significant reac-
tions of work-hardening, work-softening, dynamic
recovery (DRV), and dynamic recrystallization
(DRX) process [3].

For modeling the response of workpiece at differ-
ent loading conditions, material f low behaviors must
feed in computer code using the proper constitutive
[4]. The accuracy of the developed constitutive equa-

tion generally determines the accuracy of the simu-
lated results.

The investigations of material hot f low behavior
showed that the empirical, semi-empirical, phenome-
nological, physically-based models as constitutive
models and artificial neural networks (ANN) model
have been constructed to predict the f low behavior at
different temperatures (T), strain ( ), and strain rates
( ) [5–7]. Phenomenological models are developed
based on experimental observation using mechanical
tests as the material constants of developed equations
are obtained from fitting the experimental data and
there are no physical characteristics that are taking
into consideration. The Johnson–Cook (J–C) [8],
Khan–Huang–Liang (K–H–L) [9], and Arrhenius-
type [10] models are examples of phenomenological
constitutive models which are extensively used to pre-
dict the hot f low behavior of materials as T, , and

dependent models. Rezaei Ashtiani et al. [11] devel-
oped a constitutive equation that considers strain and
investigated the influence of initial grain size on hot
working behavior for the commercial purity alumi-
num. Cai et al. [12] established a suitable modified
J‒C constitutive model for Ti–6Al–4V alloy in differ-
ent values of T and . Meanwhile, the deformation
mechanism as the internal microstructure changing
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Table 1. Chemical composition (wt %) of AA1070 aluminum

Ti Fe Si Zn Ga Cu Al

0.0126 0.199 0.0778 0.0102 0.010 0.0102 99.7

Fig. 1. The true strain-stress curves of the pure aluminum
at various  and T of (a) 623, (b) 723, and (c) 773 K [4].
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during deformation, including dislocation mecha-
nisms, thermodynamics theory and slips kinetics the
physically-based model usually considers, especially
in relatively high T and  conditions. Li et al. [13]
investigated the phenomenological Arrhenius-type
constitutive model of the hot f low behavior in AA6082
aluminum alloy and they reported this model was
more efficient for tracking the f low of this alloy.

Zerilli–Armstrong (Z–A) model [14] is one of the
physical models can be characterized by f low stress
behavior at elevated temperature. Zhang et al. [15]
developed a modified Z–A constitutive equation by
considering the effects of T, , and deforming process
on certain parameters and accurately describe the
high-temperature f low stress of IC10 alloy by a tensile
test over a wide range of T and . The constitutive rela-
tion of a new high-strength low-alloy steel with modi-
fied Z–A was investigated by Venkata Ramana et al.
[16]. Ahmadi et al. [17] investigated a study on the
phenomenological, physically-based, and ANN mod-
els to predict the hot f low stress of API 5CT-L80 steel.
They showed that the three developed models have
good accuracy to predict behavior of this steel at ele-
vated temperatures.

In this paper, the influences of forming parameters
such as , , and  values on the f low stress of AA1070
aluminum are investigated by isothermal hot com-
pressive tests. The main objective of this study is to
derive constitutive equations relating to f low stress,
T and  with modified J–C and modified Z–A to
predict the f low behavior of AA1070 aluminum at
high temperatures. Finally, the f low behavior predic-
tions of these developed models were compared with
the strain-compensated Arrhenius (strain-compen-
sated Arr) model which were developed in the earlier
study [4].

2. EXPERIMENTAL
The chemical composition of AA1070 aluminum

employed in this study is given in Table 1. The alumi-
num was machined into cylindrical specimens with
height and diameter of 12 and 8 mm, respectively, for
hot compression test consenting to ASTM: E-209
standard. The uniaxial hot compression tests were
applied by a Gotech-AI7000 servo control electronic
universal testing machine to determine the true stress-
strain behavior of the alloy. Compression tests were
carried out uniaxially up to the true strain of 0.6 and at
different T of 623, 723, and 773 K and  of 0.005, 0.05,
and 0.5 s–1.

3. RESULTS AND DISCUSSION
3.1. Flow Stress Curves

The true stress–strain data taken from a hot com-
pression test under the already mentioned experimen-
tal conditions of the AA1070 aluminum are plotted in
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PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Fig. 1 (tested by Rezaei Ashtiani et al. [4]). As it is
clear, at the initial step of deformation, the f low stress
enhances a quick rate due to work hardening where
dislocation production, propagation, and trap occur.

After this increment when the f low stress attains
the peak value, the work hardening rate reduces with
increasing work softening therefore a steady-state is
received or a slight increment up to final deformation
22  No. 13  2021
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Fig. 2. Effects of  and T on the f low stress behavior of
AA1070 aluminum.
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Fig. 3. Relationship between  and  at the T of 623 K and
 of 0.005 s–1.
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at all process conditions, while hardening is domi-

nated mechanism at T of 623 K. The attainment of
steady-state values of f low values with increasing T to
773 K is a clear sign of thermal softening processes. As
the dislocation production rate due to deformation
becomes equal to the dislocation annihilation rate, so
the dislocation rearrangement occurs and a steady-
state is finally obtained by DRV [18]. In other words,
the equilibrium between dynamic softening and work
hardening occurs. The main mechanisms of DRV are
dislocation movements in the cross-slip and climb
modes as the main thermal softening mechanism very
easily occur in aluminum alloys that have high stack-
ing fault energy [19].

The effect of  and T on flow stress in the logarithm
scale is shown in Fig. 2. When  is at a high level, there
is no proper time for the dislocation response and
nucleation of RX. The dislocation motion increases
with an increasing thermal activation energy of the
alloy with increasing T. As a result, the nucleation and
growth rate of recrystallization can increase. So, the
true stress enhances with increasing  and decreasing
T [20, 21].

3.2. Development of Constitutive Models
3.2.1. Modified J–C model. A phenomenological

equation which is successfully developed for different
materials at different ranges of  and T is the J–C con-
stitutive model. A type of modified J–C model can be
expressed as Eq. (1) [22]:

(1)

where σ and  present the f low stress and plastic strain,
respectively.  are material constants.

 is dimensionless strain rate, where  and 
are strain rate and reference strain rate, respectively.

and  are the current absolute temperature and
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reference temperature in Kelvin, respectively. In this
study, the lowest experimental T and  conditions
have been taken as reference temperature ( ) and
reference strain rate ( ) which in the present case is
623 K and 0.005 s–1, respectively. At reference condi-
tion, Eq. (1) can be rewritten as:

(2)

By substituting the experimental f low stress at the
reference  and T, the curve between  and  can be
gained as shown in Fig. 3. With the fitting of the sec-
ond-order polynomial curve, the values of the con-
stants of , and  are obtained as 13.01, 26.767,
and –24.697 MPa, respectively.

At reference T of 623 K Eq. (3) can be expressed as:

(3)

The relation between  and 
is obtained at different  as obvious in Fig. 4. The aver-
age slope of the linear fitting curve is used for evaluat-
ing  value which in this state is 0.29998. At the final
stage to establish the modified J–C model, a new
parameter  can be introduced by taking a natural log-
arithm on both sides to Eq. (1):

(4)

where  The relation between

 and 
have been obtained as shown in Fig. 5 and the value of

 can be derived by the average slope of the plots. As
shown in Fig. 6, the plot between  and  gives the
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Fig. 4. Relationship between  and 

at different  and T of 623 K.
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value of  = –0.0103 as intercept and  = 0.0009 as
slope, respectively. Consequently, after determining
material constants, the constitutive model of pure alu-
minum based on the modified J–C equation can be
gained.

3.2.2. Modified Z–A model. For the prediction of
the hot f low behavior of materials, the modified Z–A
model can be expressed as follows [23]:

(5)

where , and  are material con-
stants,  is the plastic strain,  which 
and  are the current and reference temperature,
respectively.  is dimensionless strain rate,
where  and  are strain rate and reference strain rate,
respectively. Similar to the modified J–C model

 s–1 and  K taken for reference
strain rate and reference temperature, respectively.
With taking natural logarithm on both sides of Eq. (5)
can be obtained as follows at reference strain rate:

(6)

The value of  and  can
be obtained from the intercept  and the slope  after
performing linear fitting of the  line, as shown
in Fig. 7a.
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Fig. 6. Relationship between  and .
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Rearranging and taking a natural logarithm on
both sides of Eq. (7), the following equation can be
obtained.

(9)

where  is evaluated as the f low stress of the material
at reference conditions, which can be concluded from
the experimental data. The relationship between

 is constructed as clear in Fig. 7b
with substituting the value of  in Eq. (9). The linear
fit of the data points gives the values of the slope as n
and intercept as , respectively. Similarly, the value of
the slope  and intercept  can be calculated from 
versus  plot according to Eq. (8), as shown in Fig. 7c.
Another formation of Eq. (5) after taking natural log-
arithm can be written as follows:
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Fig. 8. Values of AARE percentage derived using different
groups of  and  at eleven different strains.
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where . The relationship between 
and  gained the value of  at the true strain. The
value of  and  can be calculated by the relationship
between  and  as shown in Fig. 7d. Eleven sets of

 and  are obtained at eleven different strains. To
determine the optimum set of  and  values, a stan-
dard unbiased statistical parameter of average absolute
relative error (AARE) is introduced as follows:

(11)

 and  are predicted stress results obtained from
equations and experimental data, respectively, and
N is the total number of data employed in this investi-
gation. The optimization is performed by minimizing
the AARE value between experimental data and pre-
dicted f low stress. As it is clear in Fig. 8, the minimum
value of AARE is obtained at a true strain of 0.45, and
the corresponding value of  and  is 0.207 and
0.00064, respectively. Consequently, after predicting
the material constants for the predicted f low stress, the
constitutive equation based on the modified Z–A
model can be taken.

3.3. Accuracy Analysis 
of the Developed Constitutive Equations

The constitutive models based on the modified
J‒C and modified Z–A have been established at dif-
ferent , and T conditions. The comparisons
between the experimental and predicted data of f low
stress (using modified J–C and modified Z–A mod-
els) at various processing conditions have been shown
in Figs. 9 and 10 respectively. It is clear that the pre-
dicted f low stress from the constitutive equations
could follow the experimental data of pure aluminum
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PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
under most deformation conditions. The main reason
for the deviation in physical and phenomenological
with some experimental curves (i.e., in 0.5 s–1 at
723 K), may contribute to the fact that the f low behav-
ior response of the materials at the elevated tempera-
tures is highly nonlinear. Meantime, many factors that
affect the f low stress are also nonlinear and probably
because it is assumed that the material parameters are
constants at various conditions, which decrease the
validity of the predicted f low stress by the constitutive
models and limit the practical range [12].
22  No. 13  2021
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Fig. 10. Comparison between the experimental data and
predicted data of f low stress by modified Z–A model at
various  and T of (a) 623, (b) 723, and (c) 773 K.
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The standard statistical parameters were employed
in terms of correlation coefficient (R) and AARE, to
assess the predictability of the constitutive models.
R shows the linear relationship of predicted values and
experimental data and can be expressed as:
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where  and  have the same meaning as stated ear-
lier.  and  are the mean values of predicted and
experimental data, respectively, and N is the total
number of data.

The correlations between experimental f low stress
data and predicted values by modified J–C and mod-
ified Z–A models over the inter range of , , and T
have been shown in Figs. 11a and 11b. It is obvious that
the data points in different models lie nearby to
the line.

The predictability of the developed models is stud-
ied by computing relative error percentage analysis.

iE iP
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 ε �ε
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Fig. 12. Results of relative error analysis by (a) modified
J‒C and (b) modified Z–A models.
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Fig. 13. Comparison in terms of statistical parameters
between different developed constitutive models.
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The formula of relative error (RE) can be expressed as
follows:

(13) −= × 
 
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i

E P
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Table 2. Comparison of various constitutive equations and
deformation temperature

Models Equation

M J–C

M Z–A

Strain-com Arr model [4]

(
(

([

σ = + ε −

× +
× − +

13.01 26.767

1 0.29998 ln
1 2 exp 0.0103 0.0009

(
(

(

σ = +
× − −
+ +

10.059 12.692

exp[ 0.0105 0.0
0.207 0.00064T

( ) (



σ = +α  



1
1 ln nZ Z

A A
The meaning of  and  has mentioned earlier.
The comparison of relative error between the experi-
mental and predicted stress by the phenomenological
and physical models are represented in Figs. 12a and
12b, respectively. The relative error variation for the
modified JC model is –24.097 to 29.29% with a mean
RE of 1.6624% and for the modified Z–A model it
varies from –17.95 to 30.22% with a mean RE of
0.7840% and for the Strain-com Arr model [4] with
mean RE of 0.5240%.

Comparatively, the different constitutive equations
and related statistical parameters of AA1070 alumi-
num show in Table 2 and Fig. 13. It can be seen from
this table that the R values of the modified J–C, mod-
ified Z–A, and Strain-com Arr models [4] are 0.9759,
0.9760, and 0.9920, respectively. Besides, The AARE
value obtained for the modified J–C model is 9.085

iE iP
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 statistical parameters for AA070 aluminum at the elevated
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and for modified Z–A is 7.901 and for the Strain-com
Arr model [4] is 0.2812.

Since the modified Z–A model considers physical
phenomenon similar to dislocation slip with consider-
ing processing parameters so it can predict the hot
flow behavior of pure aluminum with higher accuracy
than the modified J–C model which does not con-
sider the physical phenomenon [19].

The dislocations mobilities consist of the climb and
cross-slip increases rapidly with increasing tempera-
ture and usually, thermal softening processes such as
DRV and DRX occur. So, considering dislocation
motion with phenomenological processing parame-
ters is very important for developing a constitutive
model to predict hot f low behavior accurately [24].

4. CONCLUSIONS
The hot deformation behavior of AA1070 alumi-

num was investigated using hot compression tests in a
wide range of T (623–773 K) and  (0.005–0.5 s–1)
and modified J–C and modified Z–A constitutive
equations were developed to estimate the f low behav-
ior of AA1070 at elevated temperature. Based on this
study, the following are the conclusions:

• The effects of  and T on the f low behavior of
AA1070 aluminum are significant at elevated tem-
peratures as the f low stress increases with increasing 
and decreasing T.

• The constitutive equations based on modified
J‒C and modified Z–A models have been estab-
lished successfully. The developed models can pre-
dict the hot f low behavior of pure aluminum with
proper accuracy.

• It is computed that the AARE value and mean
RE from the modified J–C model are 9.085 and
1.662%, respectively and the corresponding R value is
0.9759.

• It is computed that the AARE value and mean
RE from the modified Z–A model are 7.901 and
0.784%, respectively and the corresponding R value is
0.976.
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