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Abstract. In this paper, hot compression behaviour of Al7075 in the temperature range of 573–723 K and the strain rate
range of 0.001–0.1 s−1 , based on standard requirements, was studied. The prediction of flow stress was performed using
constitutive equations based on the basic and modified-Johnson–Cook model and the accuracy of the proposed models was
estimated by comparing with the experimental results by the statistical error analysis method. Based on the experimental
results, flow stress is changed significantly with changes in the strain rate and temperature. However, the basic model cannot
predict the correlated effects of these parameters which decrease its accuracy of model, the flow stress of the materials
especially at high temperatures. During the calculation of the constants based on the modified model, the effects of hardening
and softening behaviour were included in addition to considering the correlated effects of the parameters. The accuracy of
the modified model increased significantly when compared with experimental results.
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1. Introduction
Recently, aluminium alloys have turned into one of the most
applicable materials and have attracted attention due to their
properties such as high strength, high corrosion resistance
and light-weight [1]. Among the different types of aluminium
alloys, 7075 aluminium is manipulated mostly to hot forming processes due to its weak plasticity at room temperature,
which is the main reason to carry out comprehensive research
on its characteristics and to propose an accurate model to predict the deformation behaviour of Al7075 at high temperature.
Many methods of production and shaping of metal parts like
rolling and extrusion are carried out at high temperatures. The
deformation behaviour of materials is complex and is significantly influenced by strain, strain rate and temperature [2,3].
Also, metallurgical evolutions during the high-temperature
process are also dependent on the deformation conditions [4].
Therefore, an extensive study of the deformation behaviour of
materials at high-temperatures for controlling and analysing
high-temperature forming processes and their accurate analysis is quite valuable to achieve high quality products [5]. Also,
proposing constitutive models that can model the hot deformation behaviour of the materials and predict the flow stress
is another interesting area for researchers, which is required
for accurate modelling of the hot forming processes.
Constitutive models that are used to characterize the high
temperature behaviour of materials can be arranged into
three groups: physical based, phenomenological and artificial neural network models [6]. In physically based models,
there are many constants which must be calculated, and
their calculation process is complex and time-consuming, but
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phenomenological models are simpler and are especially
suitable for numerical simulations [2]. There are many phenomenological based equations to define the constitutive
behaviour such as Johnson–Cook (JC) [7–9], Arrhenius
[2,10–12] and Zerilli–Armstrong (ZA) [13–15] models. The
JC is one of the oldest and most common equations [16].
A constitutive model should include a logical number of
constants, which are calculated using experimental data, and
should represent the material flow behaviour with acceptable
accuracy over an extensive domain of the process. The JC
model has been used for many materials for different ranges of
strain rates and temperature. The JC model requires less number of experiments to extract the model constants because of
its lower number of constants and for this reason, it has been
widely used. The ZA model is used for different materials
(both fcc and bcc) over different strain rates at temperatures
below 60% of the melting point [15]. The ZA model is viewed
as superior to JC as it reflects the coupled effect of the strain
rate and temperature [13,15]. However, it is specifically not
suitable to characterize the flow behaviour at temperatures
above 60% of the melting point and at lower strain rates. The
results of the Arrhenius equation and ZA for high-temperature
application are accurate and acceptable. However, the Arrhenius could predict the behaviour more precisely [2]. The JC
model involves minimum numbers of material constants. On
the other hand, the ZA model and Arrhenius model involve
seven and thirteen material constants, respectively.
The JC model is an experimental base constitutive model
that describes the large deformations of alloys at elevated temperatures and high-strain rates that, in comparison
with other models, have fewer constants and require fewer
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experiments to calculate these constants. Therefore, the JC
model has been utilized to model and describe the flow stress
during hot deformation of metals such as steels [3,7,12,14,17],
aluminium [4,14,18], magnesium [2] and even metal matrix
composites [9]. In the JC model, the strain and strain rate hardening and temperature softening behaviour are considered to
be independent and besides this, this model cannot simultaneously predict the strain hardening and the softening behaviour
[2,8,19]. Since the JC model is not able to explain precisely
the flow stress in many cases, and in particular at high temperatures, researchers have developed a modified model with
significant accurate results [8,9,17,20].
The hot compression tests of Al7075 under isothermal conditions were conducted in this study, and the strain-dependent
flow stress data at several temperatures and strain rates were
measured, and constitutive equations by using the basic and
modified JC model were extracted, and the accuracy of the
presented models is evaluated. The main purpose of this study
was to propose practical models and to compare the accuracy
of the proposed models in describing the behaviour of the
deformation of 7075 aluminium alloy at high temperatures.

2. Experimental
The commercially extruded Al7075 with the chemical composition of Al–2.4Mg–1.6Cu–0.22Cr–0.17Mn (wt%) was used
for performing the test. The cylindrical specimens of diameter
8 mm and height 12 mm are prepared by machining according
to the ASTM E209 requirements. Heat treatment was carried
out after the machining process at 763 K for 24 h and then
cooled at ambient air. The primary microstructure of the prepared specimen is shown in figure 1.
The compression tests were carried out by using a SANTAM STM 150 thermal simulation machine at various elevated temperatures. The tests were carried out at 573, 623,
673 and 723 K and strain rates of 0.001, 0.01 and 0.1 s−1 .
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At the beginning of each deformation test, the specimens
were heated at the rate of 10 K s−1 to the desired temperature and held for 5 min to achieve a uniform temperature
throughout the specimen. Powder form graphite mixed with
refractory grease was used as the lubricant to decrease the
friction between the die and the specimen. Microstructure
evolutions which occurred during the process of pressure in
the specimen may change because of the slow cooling, and
so the specimens were directly quenched in water.

3. Results and discussion
The true stress–strain data that are achieved from the compression test of Al7075 at different temperatures and strain
rates are shown in figure 2. As observed all the curves follow
a similar trend in the way that the flow stress increases rapidly
by increasing the strain and reaches a peak value, which is due
to the strain hardening because of the increased density of dislocations [21]. Then, with an increasing strain, the amount of
stress decreases slightly and reaches an almost constant value
except for samples at a temperature of 723 K at which the flow
stress has increased slightly. At high temperatures, softening
is a normal specification for many alloys. It can be brought
about by heating and also by microstructural instabilities of
the material. When the dynamic softening and strain hardening reach a balance, the dislocation density remains somewhat
constant and the flow stress attains a steady state [21,22].
The peak of the stress–strain curve increased with a
decreasing deformation process temperature and increasing
strain rate, which is the reason for the thermal activation processes to become intense, as shown in figure 3a. Also, as the
strain rate increases, both the strain and the corresponding
peak stress increase which can be clarified by the dislocation
increase and generation [2], as shown in figure 3b. The influence of increasing temperature is somewhat noticeable on
the reduction of the peak stress especially at a higher strain
rate. It can be detected that for each curve in this investigation, the mechanism of softening can be mainly ascribed
to dynamic recovery and in the meanwhile, the aluminium
alloys normally yield high stacking-fault energy [22]. However, to explain the incidence of dynamic recrystallization,
some particular tests and analysis on the deformed specimen
microstructures should be performed which is not the aim of
the present study.

3.1 JC model
A simple mathematical model was offered by JC which can
express the effects of temperature, strain rate and strain on the
flow stress as follows [16]:
Figure 1. The primary microstructure of the specimens.





σ = A + Bεn 1 + C ln ε̇∗ 1 − T ∗m

(1)
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Figure 2. True stress–strain curves of Al7075: (a) 673 K, (b) 723 K, (c) 773 K and (d) 823 K.

Figure 3. Changing the peak stress: (a) with temperature and (b) with strain rates.

The effects of strain, strain rate and temperature are expressed
in first, second and third parentheses on the right side of equation (1), respectively, where σ and ε represent the flow stress
and the corresponding plastic strain, respectively. A is the
flow stress at the yield point of the material under the reference condition and B, n, C and m are the constants that
illustrate the characteristics of the material.
A is obtained from the stress at the yield point under the
reference condition, where A = 198 MPa.
A distinct and systematic process is presented for calculating the constants of equation (1), which is based on the
simplification of the main equation in each of the temperature or strain rate reference conditions and then applying the
natural logarithm on the simplified equation. So, by substituting the reference condition in equation (1), it can be rewritten

as follows:
σ = A + Bεn

(2)

And then by applying the natural logarithm, it changes to the
following equation:
ln(A − σ ) = ln(−B) + n ln(ε)

(3)

This equation describes that if the relationship between
ln(A − σ ) and ln(ε) is plotted and a line has been fitted on
it, then n and B are extracted from the characteristics of the
line. Based on these explanations, the values of these parameters were calculated by fitting a line, as plotted in figure 4
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with a correlation coefficient of 0.98, where n = 2.43 and
B = −268.78 MPa.
Equation (1) under the reference temperature condition is
changed to the following form by simplifying the original
form of the model:
σ
= 1 + C ln ε̇∗
A + Bεn

(4)

The relationship between σ/(A + Bεn ) and ln(ε̇∗ ) can be
characterized, as shown in figure 5, by plotting the
σ/(A + Bεn ) regarding ln(ε̇∗ ) by varying the strain in the
range under the steady state condition for different strain rates.
The constant C was calculated as 0.26 by fitting a line with
unit intercept on the data with a correlation coefficient of 0.97.
Finally, under the reference strain rate condition and by
applying the natural logarithm on equation (1), it is summarized as follows:

ln 1 −

σ
A + Bεn



 
= m ln T ∗

(5)

By varying the strain in the steady state range and for
623, 673 and 723 K, the relationship between ln(T ∗ ) and

Figure 6. The relationship between ln(T ∗ ) and ln(1 − σ/
(A + Bεn )) at 0.001 s−1 .

ln(1 − σ/(A + Bεn )) can be described by some selected flow
stress data, as shown in figure 6, and fitting a line with the zero
intercept, that the constant m is the average slope of the fitted
line, which is 0.49.
After the extraction of all the constants of equation (1), the
basic model for Al7075 is summarized as follows:




σ = 198 − 268.786 ε2.4314 1 + 0.261 ln ε̇∗ 1 − T ∗0.49
(6)
3.2 Modified JC model
The correlated effects of the parameters on the flow stress are
neglected and the parameters are supposed to be independent
in the basic model, while other studies have shown that these
effects are significant and should be taken into account in an
efficient model. To compensate for this defect Lin et al [20]
recommended a modified model which advances the accuracy
of the prediction. The modified model is expressed as follows:

Figure 4. The relationship between ln(A − σ ) and ln(ε) at
ε̇ = 0.001 s−1 and T = 673 K.




σ = A1 + B1 ε + B2 ε2 1 + C ln ε̇∗

 

×exp λ1 + λ2 ln ε̇∗ (T − Tr )

(7)

where A1 , B1 , B2 , C, λ1 and λ2 are the material constants and
the other parameters are similar to equation (1). By the same
process as discussed above in the basic model, the constants in
equation (7) are calculated. Regarding reference conditions,
equation (7) is simplified as follows:


σ = A1 + B1 ε + B2 ε2

Figure 5. The relationship between ln(ε̇∗ ) and σ/( A + Bεn ) at the
reference temperature T = 673 K.

(8)

The values of A1 , B1 and B2 are calculated by plotting the true
stress–strain curve under the reference condition, as shown in
figure 7, and using two-order polynomial fitting, where the
calculated values are 209.34, −88.31 and −5.58 MPa for A1 ,
B1 and B2 , respectively, and the correlation coefficient was
0.98 for the fitting (the dotted line in figure 6 is the two-order
fitted polynomial).
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The value of parameter λ for different strain rates.

Strain rate (s−1 )
λ

0.001
− 0.0138

0.01
− 0.0117

0.1
− 0.0106

Figure 7. The relationship between true stress–strain under the reference condition.

Figure 9. The relationship between λ and ln ε̇∗ .

Figure 8. The relationship between σ/(A1 + B1 ε + B2 ε2 ) and
ln ε̇∗ at the reference temperature.

Equation (1) is simplified under reference conditions as
follows:



σ = A1 + B1 ε + B2 ε2 1 + C ln ε̇∗

(9)

The values of A1 , B1 and B2 have already been calculated,
and the value of constant C is equal to the average slope of
the line fitted to the data that present the relationship between
σ/(A1 + B1 ε + B2 ε2 ) and ln ε̇∗ as shown in figure 8, and
are plotted at different strain rates for strains in the range of
the steady state behaviour of hot deformation. Based on this
description the value of C is 0.25.
By introducing λ = λ1 + λ2 ln(ε̇∗ ) and substituting it in
equation (7) and then by applying the natural logarithm to
equation (7), it is declared as follows:

ln 

σ

A1 + B1 ε + B2 ε2 (1 + C ln ε̇∗ )

= λ(T − Tr )
(10)

All the constants of equation (10) have already been calculated except λ. For each strain rate, equation (10) can be
plotted at different temperatures for a set of strains and by

fitting a line on the data that present the relationship between
ln[σ/(A1 + B1 ε + B2 ε2 )(1 + C ln ε̇∗ )] and (T − Tr ), the
slope of the line is equal to the λ at the predetermined strain
rate.
The value of the parameter λ varies according to the strain
rate as given in table 1. The slope and intercept of the line
fitted on the data which exhibit the relationship between λ
and ln(ε̇∗ ) as shown in figure 9 are the values of λ1 and λ2 ,
respectively, where λ1 = −0.0136 and λ2 = 0.0007.
Consequently, the modified JC constitutive equation of
Al7075 is as follows:



σ = 209.34 − 88.31ε − 5.58ε2 1 + 0.25 ln ε̇∗


 
×exp −0.0136 + 0.0007 ln ε̇∗ (T − Tr )

(11)

3.3 Accuracy analysis
The constitutive equations for Al7075 based on the basic and
modified JC were presented in the previous two sections, and
the analysis of the accuracy of models is discussed in this
section. To check the accuracy of the models, the predicted
flow stress was calculated by using equations (6 and 11) and
compared with the measured data, as shown in figure 10. In
table 2, the correlation coefficient and average absolute relative error (AARE) of the models are presented, which are
calculated by equations (12 and 13) [4].

σ =

N 
i=1 E i



− Ē Pi − P̄
 N 

N 
i=1 E i − Ē
i=1 Pi − P̄

(12)
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Figure 10. Comparison between the predicted flow stress and the experimental flow stress: (a) JC model and
(b) modified JC model.

Table 2.

Calculated values of correlation coefficient and AARE.

Model

Correlation coefficient

AARE (%)

0.99
0.99

14
9

JC
Modified JC

AARE(%) =

1
N

N

i=1

E i − Pi
× 100
Ei

(13)

where E i and Pi are the measured and the predicted flow
stress, respectively. Ē and P̄ are the mean values of experimental and calculated flow stress, and the number of data
used in the study is N . The R value reveals the strength of
the linear relationship between the predicted and experimental data, and AARE reflects the un-biased statistical factor to
confirm the predictability of the models.
As can be seen from table 2 and figure 10a, the JC model
has less and even inadequate accuracy in the prediction of
flow stress during deformation at high temperature. The JC
model can only explain the strain hardening behaviour [2] or
the softening behaviour [18,23] of metals as confirmed by the
previous studies, which may be due to the independent effects
of the strain and strain rate hardening and the thermal softening [23], and the difficulty in determining the exact amount of
yield stress in aluminium alloys [23]. The preciseness of the
predicted values of the flow stress is significantly improved by
considering the correlated effects of the parameters by using
the modified model, as shown in figure 10b, and based on the
AARE in table 2 the accuracy has increased by ∼35%.
Investigating the trend of the true stress–strain shows that
at first the softening mechanism is predominant and decreases
the flow stress, but at the end of the process, due to the work
hardening that can be due to the increase in the dislocation
density, the flow stress increases. But the proposed model
can predict only the work hardening behaviour and has not
been able to accurately predict the softening behaviour. This
defect is expected since in calculating the coefficients B and n
in the JC model, when fitting the line on the true stress–strain

curve shown in figure 5, only the softening behaviour part
is considered. This defect is somewhat compensated in the
modified model by fitting a nonlinear equation, and the model
has also been able to predict the work hardening behaviour.
Both models have a fairly acceptable accuracy in predicting
the flow stress values. While the original form of JC model
has better accuracy at low temperatures, the modified model
has good accuracy at high temperatures. The results show
that the temperature has a clear effect on the accuracy of the
results, and the precision is reduced with increasing temperature. Therefore, it may be concluded that the dependence of
the material constants on temperature should be investigated
and a relationship should be obtained for each of them in terms
of temperature, which is beyond the scope of this research.
A comparison between the calculated flow stresses and
experimental data at 573 and 723 K for basic and modified
JC models is shown in figures 11 and 12, respectively.
The observation of the experimental results shows that at
the end of the process, by increasing the strain, the flow stress
has been increased and the trend of stress variation with the
strain which is almost descending has changed into an increasing trend, while the trend of changes in the expected values is
unchanged and continued as decreasing. The reason for this
inconsistency of changing can be attributed to the essence of
the JC model. As the previous studies reported, the JC model
can only explain the strain hardening [2] or the softening
behaviour [14,17,23] of metals, though scarcely characterize
both behaviours concurrently.
4. Conclusions
In this paper, the constitutive equation of Al7075 based on
the original JC model and modified JC model was investigated by hot compression tests at different strain rates from
0.001 to 0.1 s−1 and the temperatures ranging from 573 to
723 K.
• The effect of strain rate and temperature on the flow
stress behaviour of 7075 aluminium alloy during the
process of hot compression was significant. The flow
stress increased with an increasing strain rate due to an
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Figure 11. Comparison of the calculated flow stresses by the JC model (symbols) and measured experimental data
(lines) at: (a) 673 K, (b) 723 K, (c) 773 K and (d) 823 K.

Figure 12. Comparison of the calculated flow stresses by the modified JC model (symbols) and measured experimental
data (lines) at: (a) 673 K, (b) 723 K, (c) 773 K and (d) 823 K.

increase in the dislocation density and multiplication,
whereas the flow stress reduces with an increase in the
temperature.
• The JC model did not have high accuracy to predict
the behaviour of flow stress of Al7075, specifically

at high strain and under the conditions that were
far from the reference condition. This is because
of ignoring the coupled effects of temperature and
strain rate in this model. Also, due to the impossibility of simultaneously considering the softening

23

Page 8 of 8

behaviour and strain hardening in the process of
calculating constants B and n, this model was not
very accurate at high strains to predict the flow
stress of the 7075 aluminium alloy and has different behaviour with the observed trend in experimental
results.
• The accuracy of the modified model to predict the
flow behaviour was successfully improved by considering the coupled effects of temperature and strain
rates. Also, the accuracy of predicting the trend of the
flow behaviour of the modified JC model enhanced by
applying the non-linear fitting to show the relationship
between true stress–true strain.
• The accuracy of the proposed constitutive models was
estimated by the correlation coefficient and AARE. The
modified model was more accurate to predict the flow
stress behaviour and even can express the trend of flow
behaviour during both strain hardening and softening
behaviour.
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