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Abstract: The hot deformation behavior of AA5083 aluminum alloy was studied using isothermal compression tests with a
Gleeble—3500 thermal simulator at strain rate of 0.01-10 s ' and at temperature of 300—500 °C. The experimental results indicate
that dynamic recrystallization (DRX) tends to occur at high strain rates and temperatures, and therefore the flow stress is decreased.
To predict the flow behavior under different deformation conditions, a strain-compensated constitutive equation based on Arrhenius-
type equation and Zener—Hollomon parameters was proposed. The flow stresses obtained from the constitutive equation are
consistent with the experimental results. The average absolute relative error is only 4.52% over the entire experimental range,
indicating that the proposed constitutive equation exhibits high prediction precision for the hot deformation behavior of AA5083

aluminum alloy.
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1 Introduction

Aluminum alloys have the primary potential for
lightweight structural application in transportation,
architecture, and other fields [1,2]. Among these,
non-heat-treatable aluminum alloy 5083 is preferred
because of its adequate strength, excellent corrosion
resistance, and good welding performance [3,4]. Hot
rolling is an important processing method for aluminum
alloys, transforming ingots into sheets at high rates and
large deformations. The general process parameters, hot
rolling temperature, strain rate, and strain significantly
influence the microstructure evolution, and consequently,
the properties of alloys [5,6]. To optimize the process

parameters and material performance, the hot
deformation behavior of aluminum alloys was
extensively  investigated. = Numerous  constitutive

equations, such as the Johnson—Cook (J-C) [7,8],
Zerilli-—Armstrong (Z—A) [9,10], Arrhenius-type with
Zener—Hollomon parameters (Z—H) [11], Fields—
Backofen (F—B) [12], and artificial neural network
(ANN) models were proposed and revised to predict the

flow stress affected by microstructure evolution during
hot deformation. CHEN et al [13] studied the hot
deformation behavior of AA6026 aluminum alloy using
conventional and modified J-C models and a
strain-compensated Z—H model. They suggested that the
strain-compensated Z—H model offers the highest
accuracy, followed by the modified and conventional
J—C models. LI et al [14,15] compared the predictive
capability of the strain-compensated Z—H and modified
Z—A models for the hot deformation behavior of AA7050
aluminum alloy. Their results indicated that the Z—A
model requires fewer parameters; however, Z—H is more
accurate. BAKTASH and MIRZADEH [12] proposed a
modified F-B model for the dynamic softening behavior
of AA7075 aluminum alloy. TOROS and OZTURK [16]
and HAGHDADI et al [17] set up the corresponding
models for the flow behavior of Al-Mg and A356
aluminum alloys, respectively, based on the ANN
method, and their results show that ANN offers good
reliability based on a comparison with a modified Z—H
model. All these constitutive equations can be classified
as phenomenological constitutive, physics-based, and
ANN equations [18—20]. The physics-based equation is
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mainly used to analyze the effect of microstructure
evolution on macroscopic mechanical properties. The
phenomenological constitutive equation is generally
semi-theoretical and semi-empirical, and the ANN
equation is a complex network of interconnected
processing units [7,21,22]. As one type of
phenomenological constitutive equation, the Arrhenius
equation is widely utilized in engineering as it has few
material constants and is easy to build and calibrate.
Many Arrhenius-modified constitutive equations for
aluminum alloys have been established, in which the
influence of strain has been considered to improve the
prediction accuracy. WU et al [23] built a comprehensive
constitutive equation coupling flow stress with strain,
strain rate, and deformation temperature for a new
Al-Zn—Mg—Er—Zr alloy, and the average absolute
relative simulation error was only 4.54% over the entire
investigation range. LIAO et al [24] developed a new
constitutive equation incorporating the effect of strain on
material constants for three Al-Si—Mg alloys, and the
correlation coefficients between the experimental and
predicted stresses reached 99.49%. WANG et al [25]
proposed a revised Arrhenius-type model to describe the
flow behavior of Al-Cu—Li alloy over wide ranges of
deformation temperatures and strain rates. GAN et al [26]
presented a revised constructive description for 6063
aluminum alloy under hot working.

The hot deformation behavior and constitutive
equations for the AAS5083 aluminum alloy were also
reported. HOSSEINIPOUR [27] studied the stress—strain
rate curves of the AAS5083 aluminum alloy at
440-460 °C and strain rates of 9.26x10*-9.26x10" s '
using strain rate jump tests. OTEGI et al [28] developed
an algorithm for multi-stage identification of constitutive
parameters and applied this to AA5083 alloy at strain
rates of 2x10*-2x10° 5! at 500 °C. ZHANG et al [29]
proposed a modified constitutive model for the AA5083
aluminum alloy deformed at 20—250 °C with strain rates
of 0.001-0.1 s '. However, the reported experimental
conditions were different from those of actual hot rolling,
which is usually conducted at 300—500 °C and strain
rates of 0.01—-10 s '. Moreover, most current constitutive
equations for the AA5083 aluminum alloy were built
through thermal tensile simulation experiments. In such
simulations, the stress state of the material is different
from that under hot rolling during deformation [30,31].
Conversely, a constitutive equation developed through
thermal compression is preferred for optimizing the hot
rolling process.

In this study, a series of isothermal compression
tests for the AAS083 aluminum alloy were conducted at
strain rates of 0.01-10s™' and 300-500°C. The
corresponding microstructure evolution and flow stress
behavior were analyzed, and a strain-compensated

constitutive equation was proposed based on an
Arrhenius-type  equation and  Zener—Hollomon
parameters. The reliability of the constitutive equation
was evaluated over the complete experimental range.

2 Experimental

The material used in this investigation was an
industrial AI-Mg—Mn ingot with a chemical composition
(wt.%) of 4.8Mg—0.5Mn—0.1Cr—0.3Fe—0.1Si—(Bal.)AL
The as-cast sample was initially homogenized at 420 °C
for 2 h and at 510 °C for 10 h before air-cooling to room
temperature. Cylindrical specimens with dimensions of
15 mm (height) x 10 mm (diameter) were machined from
the homogenized material. Compression tests were
performed on a Gleeble—3500 thermal simulator at
300-500 °C with intervals of 50 °C, and the strain rates
were set at 0.01, 0.1, 1 and 10 s'. Prior to hot
compression, all specimens were heated to the target
compression temperatures with a heating rate of 10 °C/s
and held at the testing temperature for 3 min to obtain a
uniform and stable temperature. Figure 1 displays a
schematic of the thermal compression process. A hot-
compressed sample was obtained after compression
testing. The height of the hot-compressed sample was
reduced by 50% compared with the original test
specimen and represents a total true strain of 0.7.
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Fig. 1 Schematic of sample and process for compression

microstructure examination

To study the effect of strain on microstructure
evolution, two additional samples were compressed at
400 °C and a strain rate of 10 s !, with strains of 0.35 and
1.2.  After hot compression, all samples were
immediately quenched in cold water to maintain the
deformation microstructure. As shown in Fig. 1, for
microstructure observation, the hot-compressed sample
was sectioned parallel to the longitudinal compression
axis, and the sampling location was marked on the cut
sample. Microstructural characterization was conducted
by optical microscopy (OM, AXIO Scope Al optical
microscope) and transmission electron microscopy (TEM,
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FEI TecnaiG2 20). The OM specimens were polished and
anode-coated at 20 V for 1 min using a solution of
fluoroboric acid (10 mL) + water (400 mL). TEM
samples were first mechanically ground and polished to
less than 100 pm, punched into discs with a diameter of
3 mm, and finally twin-jet electropolished with an
electrolyte solution of 30% nitric acid and 70% methanol
at ~15 V DC below —25 °C.

3 Results and discussion

3.1 Deformation characteristics

Typical true stress—strain curves of the AAS5083
aluminum alloy under different deformation conditions
are shown in Fig. 2. During the early deformation stage,
the flow stress increases rapidly with strain, and then
attains gradually the peak at a strain of around O0.1.
Thereafter, the curves achieve a quasi-steady state.
Figure 3 presents the variation in flow stress against the
temperature and strain rate at a true strain of 0.5. The
effects of temperature and strain rate on the flow
behavior of AAS5083 alloy are clearly significant. The
flow stress decreases from 120.8 to 19.4 MPa when the
temperature increases from 300 to 500 °C at a strain
rate of 0.01 s (Iné=—-4.6). Moreover, it increases to
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209.3 MPa when the strain rate changes from 0.01 s
(Iné=2.3)to0 10 s (In£=2.3) at 300 °C. It is clear that
the flow stress negatively dependent on the
deformation temperature but positively dependent on the
strain rate.

Figure 4 shows bright-field TEM microstructures of
samples compressed at 400 °C and a strain rate of 10 s
for strains of 0.35, 0.7 and 1.2. Figure 4(a) indicates that
elongated deformed grains with a high density of tangled
dislocations are the main microstructural features at a
strain of 0.35. The stored energy increases with strain to
provide sufficient driving force for migration of atoms
and dislocations [32,33]. Consequently, the dislocation
density decreases, and clear grain boundaries emerge, as
shown in Figs. 4(b, ¢). The TEM images indicate that
work hardening plays a dominant role at low strain, and
then dynamic softening caused by dynamic recovery
(DRV) and dynamic recrystallization (DRX) is activated
with increasing strain [34,35]. Characterization of the
TEM microstructure at different strains accounts for the
variation in flow stress shown in Fig. 2, where flow
stress first increases to a peak value due to work
hardening with the formation of elongated grains and
tangled dislocations, thereafter gradually increasing to
a quasi-steady state owing to the competition between
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Fig. 2 True stress—strain curves of AA5083 aluminum alloy under different deformation conditions: (a) £=0.01s';(b) £=0.1s";
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500
Fig. 3 Evolution of flow stress versus temperature and strain

rate at strain of 0.5

work hardening and dynamic softening.

Figure 5 depicts the microstructure of AAS5083
aluminum alloy compressed to a true strain of 0.7 under
various hot deformation conditions. For comparison
purposes, the original optical microstructure of the
experimental material after homogenization treatment is
also displayed in Fig. 5. As shown in Fig. 5(a), the
original optical microstructure exhibits uniform equiaxed
grains with an average grain size of 180 pm. The
deformed grains are elongated after compression at a
strain rate of 0.01 s’ (see Fig. 5(b)). As the strain rate
increases, recrystallized grains emerge and gradually
increase, as shown in Figs. 5(c, d). It is apparent that the
number and average size of the recrystallized grains
increase with the deformation temperature by comparing
the microstructures in Figs. 5(d, e, f). These features
shown in Fig. 5 can be attributed to the following factors.
Firstly, the stacking fault energy of aluminum alloy is
high, and the deformation energy is easily released by
DRV [36,37]. The increase in strain rate reduces the
deformation time required for DRV to occur, resulting
in the storage of deformation energy and the occurrence

of DRX [38,39]. Simultaneously, the higher temperature
reduces the resistance to dislocation movement and
created suitable conditions for the DRX [38,39]. The
microstructure evolution clarifies the flow stress trend
shown in Fig. 3, where the flow stress increases with
decreasing deformation temperature and increasing strain
rate. The microstructural features are evidently closely
related to the deformation parameters.

3.2 Constitutive modeling

To describe the relationships among flow stress,
temperature, and strain rate under various deformation
conditions for the AAS5083 aluminum alloy, the
Arrhenius constitutive equation and the Zener—Hollomon
parameter (Z) in an exponent-type equation were
employed [40,41]:

&= Af (o)exp[-Q/(RT)] (1)
where

N,
o', aoc<0.8

f(o)=1exp(fo), ac>1.2 )
sinh(ao)", forall o
Z =¢exp[Q/(RT)] (3)

where & is the strain rate (s''), o is the flow stress
(MPa), T is the absolute temperature (K), Q is the
activation energy of hot deformation (kJ/mol), and R is
the ideal gas constant (8.314 J-mol K ™). 4, ny, n, a and
[ are material constants, and among them, a=4/n;.

As regards all the stress levels, Eq. (3) can be
expressed as [11]

Z = A[sinh(ao)]" (4)
Then, Eq. (4) is rewritten as
sinh(ao) =(Z/ A" (5)

According to the definition of the hyperbolic sine
function, it is easy to obtain

Grain boundary =4 o &

‘

Fig. 4 TEM images of AA5083 aluminum alloy deformed at 400 °C and strain rate of 10 s ' for different strains: (a) 0.35; (b) 0.7;

()1.2
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Fig. 5 Optical microstructures of AA5083 aluminum alloy under different deformation conditions: (a) Original; (b) 400 °C, 0.01 s ';
(¢) 400 °C, 1s7"; (d) 400 °C, 105 "; () 300 °C, 10 s '; (f) 500 °C, 10 s~

sinh ™ (ao) = In[(ao + ac? +1)"?] (6)

Combining Egs. (5) and (6), the Arrhenius
constitutive equation relating the flow stress to the
Zener—Hollomon parameter can be expressed as follows:

c= l{(Z/A)“ "L (Z/A)P " 11V (7)
a

3.2.1 Determination of material constants for constitutive
equation
To determine the material constants A4, ny, n, a and f,
a true strain of 0.2 is employed as an example.
Substituting Eq. (2) into Eq. (1), and then taking the
natural logarithms of both sides give

Iné=In4 -Q/(RT)+n/Inc ®)
Iné=InA4,—Q/(RT)+ o 9)
Iné=1In A—Q/(RT)+ nln[sinh(ao)] (10)

Substituting the flow stress at a true strain of 0.2
under different hot deformation conditions into Egs. (8)

and (9), as shown in Figs. 6(a, b), it is evident that the
relationships In & —In ¢ and In & —¢ can be well fitted by
straight lines. The values of n; and f can be obtained
from the mean slopes of the lines in Figs. 6(a) and (b),
respectively. Thus, 7,=7.579, =0.0819 MPa', and
a=0.0108 MPa ",

For a given strain rate, the activation energy Q can
be obtained by differentiating Eq. (10):

0 - 1000] 2MIsinh(@o)] { olné } _ RSH
o(1/7) , | 0In[sinh(ao)]];
(11
with
OlIn[sinh(ao)]
§=— "7/
{ o(1/T) }
(12)

o olné
| dIn[sinh(ao)] |,
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Fig. 6 Linear relationship fits: (a) In £ —In o; (b) In & —0; (¢) In[sinh(ao)]-1/T; (d) In & —In[sinh(ao)]

where § is the mean slope of In & —In[sinh(ac)] at
various temperatures and » is the mean slope of
In[sinh(ao)]-1/T at different strain rates, as shown in
Figs. 6(c) and (d); n and S were calculated as 3.856
and 5.295, respectively. The deformation activation
energy (Q) is then easily evaluated from Eq. (1) to be
168.61 kJ/mol by averaging the values of O at different
strain rates.

Taking the natural logarithm of both sides of Eq. (4)
gives:

InZ =1n A+ nln[sinh(ao)] (13)

The values of Z at different temperatures and strain
rates can be evaluated by substituting Q into Eq. (3). The
linear relationship between Zener—Hollomon parameter
In Z and In[sinh(ao)] is plotted in Fig. 7. The slope and
intercept of the In Z—In[sinh(ao)] plot in Fig. 7 represent
n and In 4, so that » and 4 can be evaluated as 5.336
and 3.32x10'* s, respectively. The relative difference
between the n-values in Egs. (12) and (13) is less than
1.5%.

The values of 4, n, a and Q at a true strain of 0.2 are
listed in Table 1. Substituting these values into Egs. (4)
and (7), the Arrhenius constitutive equation of the
AAS5083 aluminum alloy at a given strain that relates the
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Fig. 7 Linear relationship between Zener—Hollomon parameter
In Z and In[sinh(a0)]

flow stress to the Zener—Hollomon parameter can be
expressed as

1 7 1/5.259
o= +
0.0108 {(3.3%10‘2)
7 2/5.259 /2
S +1
{(3.3%10‘2] }

. [168610}
Z =¢gexp
RT

(14)
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Table 1 Values of material constants at strain of 0.2
a/MPa”! n O/(kJ-mol ™" Als™!
0.0108 5.259 168.61 332 x 10"

3.2.2 Strain compensation

It is widely acknowledged that the effect of
deformation strain on the hot deformation flow behavior
cannot be neglected [25,26]. As shown in Figs. 1 and 4,
the flow stress and microstructure of the AAS5083
aluminum alloy are different at various true strains.
Therefore, it is evident that the true strain also
significantly affects the activation energy (Q) and other
material constants (a, £, n and In 4). However, the strain
effects were not considered in the above equation.
Therefore, strain compensation will be considered in the
following calculation to derive a more precise
constitutive equation.
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The material constants (a, f, n, In 4 and Q) of the
constitutive equations, similar to the formula method at a
strain of 0.2, were evaluated at strains ranging from 0.05
to 0.7 with interval of 0.05. It is clear that the
relationship between strain and material constants is
complex, as shown in Fig. 8, which indicates that the
influence of strain cannot be neglected. Based on the
calculation, the relationship between strain and material
constants can be fitted by a 7th order polynomial, as
shown in Eq. (15), and the corresponding polynomial fits
of material constants for the AA5083 aluminum alloy are
listed in Table 2. Then, a more precise Arrhenius
constitutive equation with a strain compensation for the
AAS5083 aluminum alloy can be rewritten as Eq. (16),
which accurately predicts the flow stress at strain rates of
0.01-10 s™', 300-500 °C, and true strains below 0.7.
Usually, the deformation mechanism can be analyzed
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Fig. 8 Relationships between material constants (a, n, Q and In 4) and true strain by polynomial fit of AA5083 aluminum alloy

Table 2 Coefficients of polynomial fits for a, n, O and In 4 in Eq. (15) for AAS083 aluminum alloy

Parameter By B B, Bs B, Bs Bg B,
10°a 1327  —71.12 740.13 —3789.88 10789.79 —17332.70 14698.56 —5114.77
n 10.09 -106.18 1001.31 —5068.60 14627.81 —24062.71 20963.95 —7495.05
0 59.8  3511.53 —37684.49 196180.57 —560814.77 898736.86 —757277.23 261138.75
In A4 10.3 605.78 —6536.18 34133.66 —97783.32 156953.65 —132425.86 45719.76
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using the stress exponent (n) and activation energy (Q).
The value of 7 is close to 5 and the average value of O is
164 kJ/mol in this study (as shown in Figs. 8(b, c), which
indicates that the main deformation mechanism is
glide/climb-controlled dislocation creep caused by
self-diffusion [42,43].

Y, =By+Be+Bye” + By’ +Bet +

Bse® + Bee® + Byg’ (15)
1
1 2 2
1 Z |k YARLD)
Oy =—"—3 7 +| | — +1
a(#) (A@)J (A@)J (16)

Z = éexplQy,, / (RT)]

3.2.3 Evaluation of constitutive equation

It is necessary to assess the accuracy and reliability
of the constitutive equations wusing the strain
compensation. The calculated value was obtained by
substituting the calculated material constants into
Eq. (16), as shown in Fig. 9. It is clear that the predicted
values of flow stress calculated from Eq. (16) are
consistent with the test data for the AA5083 aluminum
alloy.
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Moreover, the correlation coefficient (R’) and
average absolute relative error (A4RE) were employed to
further evaluate the precision of the established
constitutive equation. The R’ and A4RE can be described
by Egs. (17) and (18), respectively. As shown in Fig. 10,
the predicted and experimental values reflect a good
linear relationship with an R’ value of 98.7%. The AARE
is calculated as only 4.52%, which indicates that the
developed Arrhenius constitutive equation relating flow
stress to the Zener—Hollomon parameter has high
prediction precision.

N . .
2. (01 = &g )(oc —&¢)
i=1

R = (17)
v [ — \2 v i — \2
\/Z(O_IIE_O-E) \/Z(UC_O-C)
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N| i i
AARE:iZ 9E —%C]100% (18)
N& o
i=1 C

where o} is the test flow stress, o is the predicted
flow stress obtained using Eq. (16), 6 is the mean
value of o}, & is the average value of o, and N is
the total number of data points applied in the study.
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Fig. 9 Comparison between experimental and predicted flow stress curves of AAS5S083 aluminum alloy at different strain rates:
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4 Conclusions

(1) DRX is more likely to occur at high strain rates
and temperatures, decreasing flow stress. Hot
deformation involves competition between work
hardening and dynamic softening.

(2) A strain-compensated constitutive equation was
proposed using an Arrhenius equation relating flow stress
to the Zener—Hollomon parameter. The predicted flow
stresses obtained from the established -constitutive
equation are consistent with the experimental results.
The correlation coefficient (R) is 98.7% and the A4ARE is
4.52% over the entire experimental ranges, indicating
that the proposed constitutive equation offers high
prediction precision for the hot deformation behavior of
the AAS5083 aluminum alloy.
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