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The deformation behavior of a 4032 aluminum alloy by hot compression has been investigated. It was
found that the flow stress was strongly dependent on temperature as well as strain rate. The strain
rate-sensitive coefficients were calculated at different temperatures. The experimental stress-strain data
are fitted by means of the model earlier advanced by Sah et al. The Sellars-Tegart-Garofalo (STG) model
is used to obtain activation energy values, which vary with the strain rate and strain.

Keywords aluminum alloy, constitutive equation, flow stress,
hot deformation

1. Introduction

AA4032 is an aluminum-silicon alloy, the major alloying
element of which is silicon, which can be added in sufficient
quantities (up to 13.5 wt.%) to cause substantial wear resis-
tance. For these reasons, it is mainly used in piston manufac-
turing. To study the formability of AA4032 alloy during hot
deformation, accurate constitutive equations are needed to de-
scribe the deformation characteristics of the alloy. Some con-
stitutive equations of other aluminum alloys were developed
with dislocation models (Ref 1-3) and empirical models (Ref
4-6). The empirical models, which include stress, strain, strain
rate, and temperature, are applied widely. The general form of
constitutive equation is � � �(T,�,�

.
). Strain effects on flow

stress are generally modeled with a hardening value of a
power-like or exponent equation. Strain-rate effects are mostly
modeled with a strain rate sensitivity parameter. Temperature
dependence is often included in an Arrhenius term, which con-
tains the apparent activation energy for the deformation pro-
cess.

The aim of the present work was to investigate the effects of
temperature and strain rate on the flow stress of an AA4032
alloy. The study focuses on the flow stress rather than the yield
stress, because the test data of flow stress will be used in the
processing simulation of the material by different forming tech-
nologies. Deformation temperature varied from 380 to 480 °C,
and at each temperature a wide strain rate range of 0.01 to 10
has been covered. Compression testing has been used, and the
flow stress data derived as a function of temperature, strain
rate, and strain have been analyzed to gain an insight into the
rate-controlling mechanism operating during hot deformation.

2. Experimental Procedures

The investigated alloy had the following chemical compo-
sition: Al � bal; Cr � 0.1 wt.%; Cu � 0.5 to 1.3 wt.%; Fe �
0.1 wt.%; Mg � 0.8 to 1.3 wt.%; Ni � 0.5 to 1.3 wt.%; Si �
11.0 to 13.5 wt.%; and Zn � 0.25 wt.%. To determine the
constitutive equation for the alloy, a number of stress-strain
curves were used. Such curves were obtained with isothermal
compression tests that were carried out in a Gleeble 1500D
(Dynamic Systems Inc., Poestenkill, NY) thermomechanical
testing machine. Cylinder samples with a height of 12 mm and
a diameter of 8 mm were machined from the extruded rods.
The graphite sheets were used at the end of samples as a lu-
bricant during the tests.

To study the effects of temperature on the flow stress of an
AA4032 alloy, the deformation temperatures were set at 380,
425, 450, and 480 °C. During tests, a thermocouple welded
onto the sample surface was used to measure and control the
temperature.

During every compression test, the strain rate was kept con-
stant by the control of ram speed with computer software.
Corresponding to every deformation temperature, four com-
pression tests were carried out at strain rates of 0.01, 0.1, 1.0,
and 10.0 s−1.

All samples were compressed to a true strain of 0.8. The
testing load-stroke curves were processed to obtain true stress-
true strain curves generated by a standard program.

3. Experimental Results and Discussion

The flow stress data varying with strain were measured at
four different temperatures and four different strain rates, as
listed in Fig. 1. The curves show the flow stresses increase with
strains and reach steady-state values.

3.1 Effects of Temperature and Strain Rate

In Fig. 1, we can find two types of stress-strain curves based
on the varying stress values. At a lower strain rate (<1.0 s−1),
the stress-strain curves are of a steady-state type, although a
subsequent rise in the flow stress occurred at a higher tempera-
ture (i.e., 480 °C). At higher strain rates, a peak occurs in yield
stress and reaches a steady state at the high true stain.
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The effects of temperature on the flow stress of the AA4032
alloy at different strain levels are described in Fig. 2. It can be
seen that the flow stress at a given imposed strain rate depends
on the temperature in a normal manner, decreasing with an
increase of temperature. The effect of strain rate is brought out
more clearly in Fig. 3, where it is noticed that the flow stress
increases with strain rate at a given temperature. Similar be-
havior is observed at other strains. Therefore, the temperature
and strain rate have important influence on the flow stress.
With an increase of temperature, the flow stress decreases due
to better plasticity (Fig. 2). To clearly describe the effect of
strain rate, the curves in Fig. 3 are processed with ln(�) versus
ln(�

.
) and is shown in Fig. 4. The ln(�) versus ln(�

.
) curve of the

stress-strain rate is nearly linear, which indicates that there is
a power relationship between the stress and strain rates.
The strain rate sensitivity can be estimated from the slopes of
these plots:

m =
��ln��

��ln�
.
�

(Eq 1)

where � is the flow stress, �
.

is the strain rate, and m is the strain

rate sensitivity. The m can be calculated by linear fitting of the
stress-strain rate curves in Fig. 4. In Table 1, some m values
corresponding to the true strain and temperature are listed. For
the ln(�) versus ln(�

.
), the curves at high temperature (i.e.,

480 °C) are shown to be bilinear, and the m values are calcu-
lated from two values depending on the strain rate (�

.
< 1.0 and

�
.

� 1.0). At temperatures of 380 to 450 °C, it was found that
m values lay in the range 0.1193 to 0.1646, decreasing with
increases in temperature, and the m values increase with true
strain. But, at a temperature 480 °C the effects of strain rate on
m are very important. With an increase in strain rate, the m
value becomes small.

3.2 Constitutive Equations

At hot deformation, the aluminum alloy undergoes dynamic
recovery and recrystallization. The flow stress curves show that
a finite yield stress at the onset of plastic flow, and the stress
tend to attain saturation at sufficiently large strains following a
work-hardening transient. The strain dependence of flow stress
during deformation in the general exponential saturation equa-
tion, as proposed by Sah et al. (Ref 7), is represented by:

Fig. 1 True stress-true strain curves for the Al 4032 alloy at (a) 380 °C, (b) 425 °C, (c) 450 °C, and (d) 480 °C
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Fig. 2 Temperature and strain rate dependence of flow stress of Al 4032 alloy at true strain values of (a) 0.1 and (b) 0.5

Fig. 3 Variation of flow stress of the Al 4032 alloy with strain rates at a true strain of (a) 0.1 and (b) 0.5

Fig. 4 Stress rate sensitivity of flow stress in the Al 4032 alloy at two true strain levels of (a) 0.1 and (b) 0.5
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� = �0 + ��SS − �0��1 − exp�−
�

�r
��1�2

(Eq 2)

where � is the flow stress during deformation, �0 is the flow
stress level at which plastic flow begins, �ss is the steady-state
value of flow stress reached at high strains, � is the strain
during deformation, and �r is the relaxation or transient strain.

Table 2 lists some fitting coefficients of Eq 2 for the
AA4032 alloy at a temperature of 400 °C. The comparison
between experimental curves and fitting curves is shown in
Fig. 5. These curves can describe material flow laws perfectly.
It indicates that the model of Sah et al. (Ref 7) can be used to
characterize both the flow stress and the work-hardening be-
havior under different deformation conditions. The three vari-
ables, that is, �0, �ss, and �r, rise with increases in the strain
rate. It shows that the yield stress and the work-hardening rate
of material are higher at a larger strain rate than ones at a
smaller strain rate.

From Eq 2, it was found that the effects of temperature on
stress cannot be included in constitutive relations. Some other
constitutive equations for aluminum alloys were built to de-
scribe the temperature effects on the material flow (Ref 8, 9).
The temperature dependence of the flow stress is often de-
scribed by the classic Dorn-type Arrhenius equation (Ref 10),
which contains the apparent activation energy for the deforma-
tion process:

�
. = A�n exp�−Q

kT � (Eq 3)

where A is a constant, n is a stress exponent (the reciprocal of
m), Q is an activation energy of deformation, and k is the
universal gas constant (8.31451 J/mol/K). When the strain rate
and stress exponent are constants, Eq 3 can be expressed as:

ln � = �Q

nk�1

T
+

ln �
. − ln A

n
(Eq 4)

The curve of ln � versus (1/T) at a constant strain rate is plotted
in Fig. 6, the slope of which (Q/nk) can been used for calcu-
lating Q (Table 3). Although the activation energy is fairly
independent of strain rate and strain, the authors can observe
some strain and strain rate dependence of activation energy. It
was found that Q varies from ∼169 kJ/mol to 325 kJ/mol. At a
high strain rate (�

.
� 10.0 s−1), an activation energy of ∼170

KJ/mol can be obtained, which is close to the value calculated
for self-diffusion in the aluminum alloy. But at a low strain rate
(�
.

< 10 s−1), the activation energy values become larger than
those calculated at a high strain rate. The cause of the higher

activation energy may be the higher silicon component and the
lower solubility of Si and Mg in the AA4032 alloy than in other
aluminum alloys.

Figure 7 shows the microstructures of samples before and
after compression. In these samples, there are primary alumi-
num solution dendrites and eutectic Al-Si, which have impor-
tant influences on AA4032 deformation, distributed along the
aluminum grain boundaries. After the compression, the alumi-
num solution dendrites underwent more deformation than the
eutectic Al-Si phase and became finer than the primary
samples.

Table 2 Fitting coefficients for Eq 2 for AA4032
(400 °C)

Strain rate

Fitting coefficients

�0 �ss �r

0.01 24.839 27.501 0.062
0.10 25.354 38.901 0.028
1.00 41.984 56.613 0.096
10.0 42.842 74.672 0.107

Fig. 5 Fitting curves of true stress-true strain for the Al 4032 alloy
deformed at 400 °C

Fig. 6 Dependence relationship between flow stress and temperature

Table 1 Strain rate sensitivity m of Al 4032 alloy as a
function of temperature and strain

Temperature, °C

m at a true strain of

0.1 0.5

380 0.1193 0.1361
425 0.1334 0.1493
450 0.1493 0.1646
480 (�

.
< 1.0) 0.2887 0.2431

480 (�
.

� 1.0) 0.1467 0.1666
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4. Conclusions

The strain, strain rate, and temperature dependence of flow
stress for the AA4032 alloy during deformation were analyzed
with the compression experimental data. The constitutive equa-
tion model proposed by Sah et al. (Ref 7) is used to describe the
strain dependence of the flow stress. The fitting curves of
strain-stress agreed with the experimental data. From these
curves and fitting variables, the strain rate dependence of flow
stress can be investigated. To investigate the effects of tem-
perature on flow stress and the activation energy, the classic
Dorn-type Arrhenius equation is applied. It is shown that the
apparent activation energy values obtained deviate from some
values of pure aluminum and aluminum alloys in other litera-
ture. The higher silicon component and the lower solubility of
Si and Mg may be the cause of the higher apparent activation
energy values.
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Fig. 7 Optical micrographs of the 4032 aluminum alloy (a) initially
(before compression) and (b) after compression testing at 450 °C and
strain rate 10 s−1

Table 3 Calculated activation energy of deformation at
the different conditions

Strain

Activation energy Q, kJ/mol

�
.

= 0.01 �
.

= 0.10 �
.

= 1.00 �
.

= 10.0

0.1 325 204 211 173
0.5 298 223 206 169
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