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The main goal of this research is to study the hot deformation process of metal-matrix composites
and investigate the possibility of using classical constitutive models to calculate the flow stress
of such composites during the hot deformation process. A 5083 aluminum-based metal
composite reinforced with 9 wt.% of 37 micron SiC particles, and made by stir-casting method,
was used for the study. Standard and improved Johnson-Cook model, Arrhenius and Zerilli-
Armstrong models in the temperature range of 673-823 K, and strain rates of 0.001-1 s™! were
extracted and their accuracy was studied. Based on the results, classical models used to predict
the hot deformation behavior of metal alloys can also be used to predict the behavior of
aluminum-matrix composites with reasonable accuracy depending on the type of model. The hot
deformation activation energy Q for the composite based on the hyperbolic-sine law Arrhenius
equation, is 265.5 kJ/mol. The strain-compensated Arrhenius model was the best model to predict
the behavior of the composite with the error less than 7% and can reasonably predict the trend of
changing the flow stress even at high temperatures with the correlation factor of 0.989.

© Shiraz University, Shiraz, Iran, 2021

1. Introduction

components, have become very important due to their

unique properties and the possibility of designing new

Nowadays, almost all common materials and alloys

materials. Aluminum-based composites (AMCs) are

have been experienced for various uses, and their

one of the most important MMCs that have been vastly

application limitations have been identified. With an

applied in the aerospace, automotive, and military

advance in design knowledge, the need for new

industries due to their lightness and high strength.

materials with superior mechanical and physical

Ceramic particles such as silicon carbide (SiC),

properties is perhaps the most critical limitation of

alumina (Al,O3), graphite, or a combination of these

designers. Hence, there is a constant effort to develop

are mainly used as reinforcements to make AMCs.

new alloys and materials that can be used in more

AMC reinforced with SiC particles is one of the most

complicated situations. Among these, metal matrix

popular types of aluminum-based metal composites

composites (MMC), which are made by mixing a

due to improved mechanical properties such as

metallic alloy as a matrix with one or more reinforcing
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increased strength and abrasion resistance, especially at
high temperatures.

Material behavior and the effect of strain rate and
temperature on the flow stress of the material and
determining the optimal values of the forming process
parameters are done by studying the hot compression
process of the material [1]. In addition to describing the
complex behavior of the material during complex
deformation processes, constitutive equations are an
essential element in the numerical modeling of these
processes. Among the various types of models,
phenomenological models are famous for explaining
changes in the flow stress of metal materials due to
their simplicity, predictability with appropriate
accuracy, and the possibility of use in numerical codes.
Constitutive models such as Johnson-Cook [2],
Arrhenius, and Zerilli-Armstrong are the most popular
types of these models, which can be extracted by
performing relatively fewer experiments due to their
smaller parameters, and due to their high popularity in
many commercial finite element software and codes
that exist by default and can be used. So far, these
models have been widely used to model the hot
deformation of many metal alloys, especially
aluminum. Ke et al. [3] considered the hot deformation
of 7020 aluminum alloy and drew process maps to
determine the optimal hot forming parameters of this
alloy using the Arrhenius model. Dai et al. [4], studying
the hot pressure process of 5083 aluminum alloy, used
a model with strain-dependent parameters to predict the
flow stress of this alloy during the process and also
investigated the metallurgical changes of this alloy.
Qian et al. [5] focused on the effect of Mn in 6082
aluminum alloy composition on hot deformation, and
in particular on its effect on metallurgical changes in
alloy recovery and recrystallization during the process
by studying the Zener-Hollomon parameter. He et al.
[6] determined the optimal forming parameters of
casting 5052 aluminum alloy by using process maps
based on Arrhenius model during hot deformation. Sun
et al. [7] also determined the optimal range of forming

parameters for 6A02 aluminum alloy studying the hot
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deformation. In a comprehensive study, Chen et al. [1]
examined the performance of normal and improved
Johnson-Cook and Arrhenius models in predicting the
flow stress of 6026 aluminum alloy during hot
deformation. Chen et al. [8], presenting a model based
on the Arrhenius model to predict the flow stress of
7005 aluminum alloy, also explained the
microstructural evolution of this alloy during
deformation at high temperatures. Although the study
of the hot deformation process of aluminum alloys has
been extensive, the study of aluminum-based
composites and especially the use of structural models
to predict their behavior has been limited. Wang et al.
[9] studied the effect of the amount of alumina
nanoparticles on the deformation behavior of Al-12Si
aluminum matrix campsite using the Arrhenius model.
They also explored the microstructure evolution of the
composite as a dynamic softening mechanism during
the high-temperature deformation of the composite.
Chen et al. [10] studied the metallurgical process of hot
deformation of hybrid AMC reinforced with nano-TiB>
and micro-SiC particles and the ability to identify the
dynamic recrystallization process during hot
deformation. They presented a simple structural model
based on Arrhenius model for this composite. Narayan
et al. [11] studied the ductility of aluminum composite
under hot deformation process using strain hardening
parameters. Yii et al. [12] studied the recrystallization
during hot compression of Al-20%Si composite. Yahu
et al. [13] investigated the optimal processing
parameters of dual-scale SiCp/A356 composites that
were determined to explore the control strategy of the
microstructure. Xia et al. [14] studied the deformation
and microstructural behaviors of a 20%A1,03-A16061
composite with a hot torsion test from 25 to 540°C with
strain rates of 0.1, 1 and 5 s™'. Kai et al. [15] studied
the hot deformation behavior of in-situ 5 wt.% nano
ZrB»/2024 Al composite at deformation temperatures of
350-450°C and strain rates of 0.001-10s! and
specified that the flow stress depends strongly on the

deformation temperature and strain rate, and especially

exhibits a strain hardening at high temperature and high
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strain rate, related to the introduction of nanoparticles.

Despite the advantages of the stir-casting method in
making metal-based composites, forming materials
made with this method by other conventional forming
techniques such as rolling, forging, and machining has
limitations and difficulties. Due to the presence of a
hard reinforcement in the soft matrix that creates areas
with a high stress concentration at the particle location
[10], in addition to limiting the composite formability
[11], the composite behavior is more sensitive to
parameters affecting the process, such as temperature
and strain rate during forming processes. In these
studies, in addition to determining how the material
behavior is affected by process parameters, the
constitutive equations governing the material flow
stress in terms of strain, temperature, and strain rate can
also be extracted and used for numerical modeling of

the forming processes of these parts.

2. Experimental Procedure

To make the composite, 5083 aluminum alloy and
silicon carbide powder with particle sizes of 10 and 37 pm
with a purity of more than 99% have been used. The
chemical composition of A15083 is shown in Table 1.

Since the parameters of particle size and their amount
in the composition can have an important influence on

the mechanical properties of the final product [10, 12],

first, by designing and analyzing experiments, the effect
and optimal values of the parameters to achieve a
composite with the highest compressive strength have
been determined. For this purpose, by selecting the
values of 3, 6, 9 and 12 wt.% of SiC powder and particles
with sizes of 10 and 37 microns, composite composition
optimization tests have been designed using the Taguchi
test design method (Table 2). To make the composite,
the stir-casting method has been used. In this process,
aluminum melt is prepared in a furnace and after adding
preheated SiC particles, the mixture is stirred using a
stirrer at a constant speed to disperse the particles in the
matrix. Although this method is simple and does not
require much-advanced equipment, it is necessary to
control parameters such as melt temperature and
temperature during stirring, stirring time, stirrer height
inside the melting chamber, and raising the melt
temperature after stirring [16-18].

After making the composite, samples for pressure
testaccording to ASTM E9 standard have been prepared.
The tested samples were cylindrical with a diameter of 8
mm and a height of 12 mm. To prevent buckling during
the pressure test, the ratio of height to diameter is 1.5.
Table 2 lists the test specifications and the result of the
pressure test for each sample. The test results are based
on Taguchi theory and analyzed in Minitab statistical
analysis software environment. Based on the results, the

sample with 37 micron reinforcing particles showed

Table 1. Chemical composition of the used aluminum alloy

Composing elements (wt.%)

AlS083 Ti Zn Cr Mg Mn Cu Fe Si Al
0.15 0.25 0.15 4.49 0.65 0.1 0.4 0.4 Balanced
Table 2: Compressive stress test results
o Size Compressive strength

S.No wt.% () (MPa)

1 3 37 1454.4

2 3 10 1462.7

3 6 37 1355.5

4 6 10 1491.3

5 9 37 1566.6

6 9 10 1546.5

7 12 37 1302.6

8 12 10 1101.6
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better behavior in all samples and the best percentage of
reinforcement that can be added to the base material to
withstand more compressive stress is 9 wt.%. Also,
according to the results, the effect of particle size on
compressive strength was more remarkable.

To ensure uniform distribution of particles in the
matrix, the fabricated composites were explored using
metallographic methods. An example (related to sample
number 8) is shown in the Fig. 1(a). As shown in the
figure, the distribution of powder particles in the matrix
was appropriate and relatively uniform. Additionally, to
create a uniform microstructure in the samples and
eliminate the effects of the manufacturing stage,
especially work hardening, the samples have been
homogenized and heat-treated at 770 K for 12 h and then
cooled, in agreement with the ASTM B917 standard.
The initial microstructure of the specimens is shown in
Fig. 1(b).
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Fig. 1. The cross-section image of the prepared samples with

magnification: (a) the distribution of SiC Particles in the
Aluminum matrix, (b) Microstructure of the matrix.
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After making the composite with the optimal
composition, according to ASTM-E9 standard, cylindrical
specimens with the height of 12 mm and the diameter of
8 mm were prepared using a machining process (Fig.
2(a)). The tests were done in the temperature range of
673-823 K, with 50-degree steps, and at a strain rate of
0.001 to 1 s™'. To perform hot compression tests, the
servo-electric SANTAM STM-150 machine was used,
which is equipped to perform tensile and compressive
tests at high temperatures and strain rates. After placing
the sample in the machine and reaching the furnace
temperature to the test temperature, a 5-minute delay
was performed to ensure the homogeneous temperature
distribution all over the sample, then the test was started
and continued until the sample reached a strain of about

0.6. A schematic of the test steps is shown in Fig. 2(b).
3. Results and Discussion
In modeling bulk metal forming processes such as

extrusion or rolling, which are mainly performed at high

temperatures with high plastic strains, a structural model

Smin holding Compression
<
® Temperature: (L
§ 673-823K boprrpipe-
e
a Cooling in
£ Heating rate: water
2 10 K/s
O—em—o
(b) Time(s)

Fig. 2. (a) Standard compression samples, (b) the schematic
diagram of the test.
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that can predict material flow stress at elevated
temperatures and different strain rates is essential. Based
on a constitutive model, flow stress depends on
temperature parameters, strain rate and strain using
mathematical functions, the function and constants of
which are determined by observations of experimental
results. So far, various models have been presented and
the most common one has been used in this research.
The true stress-strain curves attained from the
composite hot pressure test are shown in Fig. 3. The
process of change is almost the same in all conditions. In
the primary stage, the stress rises rapidly by increasing
the strain, which may be related to the work hardening
phenomenon [19]. Then, the stress reaches a maximum
and then remains almost constant as the strain increases.
Furthermore, the stress has increased in almost all
conditions with a slight slope, which can indicate the
dominance of work hardening over the phenomenon of
dynamic softening [20]. Because the stress-strain curve
for a material undergoing dynamic recrystallization
generally has a broad peak, and for materials undergoing
only dynamic recovery, the curve has a stress-
increasing region followed by a planar region (constant

stress), and a peak is not observed in the diagram [21], it

can be inferred that dynamic recovery is the rate-
controlling mechanism during the hot deformation

process.

3.1. Normal Johnson-Cook Model

Johnson-Cook model (JC) considers the effects of
work-hardening, strain rate and thermal softening in
predicting the flow stress. In this model, the effect of
strain, strain rate and deformation temperature on flow
stress are given in separate expressions in the
multiplicative form. In other words, this model accepts
that work-hardening and the rate of it, and the thermal
softening are independent and can be separated. This
model cannot show any of the effects of thermal history

and strain rate [2]. The JC model is expressed

mathematically as follows:

0=([A+Be)(1+Clné )1 -T"™) €))

In this model, each of the relationships in parentheses
to the right of the Eq. (1) are used to define the effects of
work-hardening, strain rate and temperature,
respectively. More precisely, the first part expresses the

effect of strain on flow stress, the second part describes
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Fig. 3. The true stress-strain curve of the prepared composite at: (a) 673 K, (b) 723 K, (c) 773 K, and (d) 823 K.
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the sensitivity to strain rate and the third expresses the
dependence of temperature on strain rate. The value of
constant A is equal to the yield stress in the reference
conditions and the calculated value for it is equal to 59.8
MPa.

By simplifying the basic equation at the reference

conditions, the flow stress is expressed as follows:
oc=A+Be" 2)

The constants n and B are the slope and intercept of
the line that is fitted on the In(A — o) — Ine data,
respectively, which are plotted in Fig. 4(a), and their
values are n = 0.9074 and B = 7.34 MPa.

At the reference temperature, the Johnson-Cook
equation is simplified as follows:

#‘Bs" =14+Clné* (3)

Then, if at the reference temperature and at various
strain rates, the flow stresses measured at different

strains are arranged and a line with intercept 1 fitted on
a
A+Be™

data in terms of In €*, as shown in Fig. 4(b), then

the material C constant that will be the slope of this line,
is calculated to be equal to 0.2. Also, at the reference

strain rate, the JC equation can be rewritten as follows:

g

— 1 — pxm
avpe T “)

On data In[1 — g]/(A + Be™)] in terms of InT* at
the reference strain rate and temperatures of 450, 500
and 550 K, and at strains in the range of 0.1 to 0.6, a line
is fitted with intercept O (Fig. 4(c)) that the slope of this
line is the constant m which is equal to m = 0.9618.

Finally, after extracting all the constants, the standard

JC model for the composite is summarized as follows:

o= (59.8+ 7.34*°7*)(1 + 0.2101 In¢")

(1 _ T*0.9618) (5)

3.2. Modified Johnson-Cook Model
To overcome the shortcoming of assuming the effect
of strain, strain rate and temperature on the hot

deformation independently in the standard JC model, Lin
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Fig. 4. Collection of figures related to the Johnson-Cook
model, (a) In(4 — o) — Ineg, (b) A+‘; ——Iné,
and (¢) In[(1 — 0)/(A + Be™)] —InT".

et al. [22] suggested a modified model based on the
standard JC, which significantly improves the prediction
accuracy. The modified JC model is expressed as

follows:

0 = (A, + Bie + Bye?)(1 + C; In &)

" (6)
exp [(A44 + A, In ) (T —T;)]

This equation is simplified in the reference

conditions as follows:

0 = Ay + Bie + Bye? 7
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Using true stress-strain data in reference conditions,
if a quadratic equation fitted on the data ¢ in terms of €
as shown in the Fig. 5(a), the values of the constants A4,
B;, B, are calculated: A;=58.501,B;=16.627, and
B,=-10.983.

This model at the reference temperature is written as

follows:

0= (A1 + Bie + B,e?)(1 + C; In€) )

If a line with intercept 0 is fitted on the data
0/(A; + By + B,&?) in terms of In " at the reference
temperature, as shown in Fig. 5(b), then the slope of this
line will be equal to the constant C, which is equal to
0.2199.

If the expression (4; + A, In€") is replaced by the
parameter A in Eq. (6), then the equation can be rewritten

as follows:

66
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Fig. 5. Collection of figures related to the Modified Johnson-

Cook model, (a) o0 — &, (b) m —Iné*, (c) A-lné™.
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In[o6/(A; + Bie + B,e?)(1 + C; In )] ©)
=AT-T,)
In the above statement, all the constants to the left of

the equation have already been calculated. If at any strain
g

rate the data In[———
A1+B1E+Bye

] are plotted in terms of

(T —T,) and a line with intercept 0 matches them, then
A will be the slope of this line for that strain rate, the
results are given in Table 3. If the values of A are
obtained at any strain rate and then a line is fitted on the
to the data A in terms of In €*, then 4; and A, will be the
intercept and the slope of this line (Fig. 5(c)),
respectively, which are equal to A;=-0.0091 and
A,=0.0003.

Table 3. Values of A at different strain rates

Strain
0.001 0.01 0.1 1
rate (s)
A -0.009 -0.0086 -0.0075 -0.0068

Finally, the modified JC model equation, which is
governing the hot deformation behavior of this

composite, is presented as follows:

o = (58.501+16.627¢-10.983£2) (1 + 0.2199 In £*)
exp [(=0.009140.00031n &)(T — T.y] (10)

3.3. Arrhenius Model

Arrhenius model has an acceptable accuracy in
predicting the flow stress, especially at high deformation
temperatures [23]. Depending on the level of material
flow stress, different mathematical equations are used to
define the relation between process parameters
(temperature, strain rate and strain) and flow stress [24].
The hyperbolic-sine equation is suitable for a wide range

of stresses and is expressed as follows:
& = A [sinh(ao)]"exp (— i)
PRy (11)

In addition, the effect of strain rate and temperature
on the hot deformation behavior of the material can be
formulated using the Zener-Hollomon (Z) parameter as
follows [25]:

July 2021
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Z = € exp (RQ—T) (12)

Using the Zener parameter, the relation of material
flow stress according to Arrhenius model can be

expressed as follows:

1/n 2/n 1/2
"%“‘{@/ +[@/ “] } (13)

If the data In o and ¢ are plotted in terms of In € and
lines are matched to these data (Fig. 6(a) and (b))
respectively, and the slope of these lines is calculated,
then the value of o will be calculated by dividing the
slope of the first line by the second, which was equal to

0.01947.
The activation energy Q is also calculated from the

dlnég

d In[sinh(ao)] T is the

following equation, in which [

inverse of the slope of the line fitted on the data

In[sinh(ao)] in term of Iné at constant temperature
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d In[sinh(ao)]
aa/T) |,
fitted the data of In[sinh(ao)] in term of (1/T) at
constant strain rate, (Fig. 6(d)).

(Fig. 6(c)) and [ is the slope of the line

_ dlné 0 In[sinh(ao)]
Q=R [6ln[sinh(ao)]]T[ oa/T) |, (14)

As stated by Eq. (14) the activation energy Q, of this
composite is 265.5 kJmol! which is much higher than
the value of pure aluminum 142 kJmol! [26], which
could indicate the presence of dynamic recrystallization
as a dominant mechanism in microstructural evolutions.
If the value of Z is calculated from Eq. (12) and their
corresponding values of In[sinh(ao)] are also obtained,
then the slope and intercept of the line which is fitted on
the data of In Z in terms of In[sinh(ag)] will be equal to
the values of n and A, respectively (Fig. 7). In this
research, the values of n and A are calculated as 4.5029
and 3.41657x10'6, respectively.
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Fig. 6. Collection of figures related to the Arrhenius model, the relations between (a) 0 — In €, (b) Ing — In €, (¢) In[sinh(ag)] —
(1/T), and (d) In[sinh(ao)] — Iné.
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Fig. 7. The relations between In[sinh(ao)] and In Z.

Finally, after the above analysis, the Arrhenius
model for the composite studied in this study is as

follows:

1 7 /45020
0.01947 In (3.41657><1016)

(15)
1,

%/45029
) +1

Z
* [(3.41657><1016

266.5
266 S s
o 265.5 Q

265

264.5
(a) 0 0.15 0.3 0.45 0.6
True Strain, €

38.5

38.4
38.3
€382 H o
38.1 ; "o
38

37.9

0 0.2 0.4 0.6
(C) True Strain, €

3.4. Arrhenius strain compensation model

It should be noted that in the Arrhenius model the
effect of strain is not considered. However, as shown in
the figure, the deformation activation energy and the
constant of the material are meaningfully affected by the
strain. Usually, flow stress is variable in terms of strain,
especially due to dynamic recrystallization which can
significantly reduce the flow stress. Therefore, the
Arrhenius model may be unsuitable to describe the
dynamic softening phenomenon. To provide a more
accurate prediction of flow stress, strain compensation
must be included in the Arrhenius model. The constants
of materials under different strains from 0.05 to 0.5 with
an interval of 0.05 were calculated by the method
explained in the previous section and the results are
plotted in the Fig. 8(a)-(d).

It can be seen that the effect of strain on the material
constant in the whole strain range is significant. The
fifth-order polynomial equations can be used with
sufficient accuracy to describe the relation between
strain and the constants of material, as shown in Eq. (16).

The results are presented in Table 4:

4.75
a7 ) o
4.65 . t
4.6 H % o
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4.5 @ |
4.45 L g
4.4 -

0 0.2 0.4 0.6
(b) True Strain, €
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1] 0.2 0.4 0.6
(d) True Strain, €

Fig. 8. Collection of figures related to the Arrhenius strain compensation model, the relations between (a) Q, (b) n, (¢) In 4,
(d) o and true strain €.
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o = By + Bie + Bye? + B3e® + Bye* + Bge®

n = Cy+ Ci& + Cpe? + C3€3 + Cue* + C5e’
Q = Dy + Dy + D, + D3e® + Dye* + Dge®

(16)

InA =Ey+ E;e+ Ec? + E¢® + E,e* + Ege®

Table 4. Polynomial coefficients describing material

coefficients
o Q n InA
Bg=0.0196  C,=283.23 D(=7.6144 E,=42.187
B,=0.0208 C;=-400.38 D;=-69781 E;=-95719
B,=-0.340 C,=3197.7 D,=55041 E,=785.03
B;=1.4117 Cy=-11411 D;=-1929.8 E;=-28314
B,=-2.4212 C4=18608 D,=3096 E,=46346
Bs=1.484  Cs=-11312 Ds=-1853.8 Es=-2815.6

3.5. Modified Zerilli-Armstrong model

The modified Zerilli-Armstrong model (ZA) is
usually used to estimate the flow stress of materials at
high temperatures. The mathematical formula of this

model is as follows:

0 = (Cy + Cre™Mexp[—(C5 + CLe)T*

+ (Cs + CeT) In €] )

The Eq. (17) is simplified at the reference strain rate

H. Dalvand & S. Rasaee

as follows:

o = (Cy + Cre™exp [—(C5 + C,e)T*] (18)

If the In o data are extracted and arranged in terms of
strain (in the strain range 0.1-0.6 with steps 0.05) at the
temperatures 673-823 K, then in the above expression
the values S; = —(C3 + C,¢) and [} = In(C; + C,e™)
can be attained from the slope and intercept of the line
which is fitted on the In o data in term of T* (Fig. 9(a));
by taking the natural logarithm from both sides of these

relations, these expressions are rewritten as follows:

In(exply —C;) =InC, +nlne

S; = —(C3 + Ch¢) (19)

At the reference conditions C; is the yield stress and
is equal to 59.8 MPa, and by calculating and placing it in
Eq. (19) and plotting In(expl, — C;) in terms of In¢
(Fig. 9(b)), the values of C, and n can be calculated, and
were equal to 8.158 and 0.0166,
respectively. By calculating the values of C;, C, and n, if

the S; data are plotted in terms of € (Fig. 9(c)), then C;

their values

and C, will be the slope and intercept of the which is

fitted on this data, and their values were equal to 0.012
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Fig. 9. Collection of figures related to the Modified Zerilli-Armstrong model, the relations between (a) In(o) — T*,
(b) In(exply —C;) —Ing,(¢) S; —&,(d) S, —T*
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and -0.0053, respectively. By taking the natural
logarithm from the sides of Eq. (17), the following
equation is attained, which is used to calculate other

constants:

Ino =In(C; + Coe™) — (C5 + C4&)T*
+(Cs + CoT*) In &* (20)

If data Ino — In €" are plotted, then the slope of the
line fitted on this data will be equal to S, = C5 + C¢T,
which will be a value for this slope for each operating
temperature.

Thus, a set of slope values are obtained at various
strains and temperatures. If the calculated values of S,
are plotted in terms of T* (Fig. 9(d)), then the values of
Cs and Cg can be obtained from the slope and intercept
of the line fitted on these data, and their values would be
equal to 0.1169 and 0.000048, respectively.

Finally, all the constants of the modified ZA model
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are calculated according to the described process, and
the proposed modified ZA model for this composite is
obtained according to the Eq. (21).

g =
(59.8+8.158£%9166)exp [—(0.012-0.0053&)T*
+ (0.1169+0.00048T*) In £*]

2]

3.6. Accuracy analysis of the proposed models

It is necessary to explore the accuracy of the models
and determine their accuracy in predicting the amount of
flow stress and the trend of its changes after extracting
the models describing flow stress in terms of
temperature, strain rate and strain. For this purpose,
standard qualitative and quantitative statistical
comparison methods have been used. The measured flow
stress and its corresponding predicted values by different

models are plotted in Fig. 10. To quantitatively evaluate
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Fig. 10. Comparison between measured flow stresses and calculated from: (a) Johnson-Cook Model, (b) Modified Johnson-Cook
Model, (c) Arrhenius model, (d) Arrhenius strain compensation model, and (¢) Modified Zerilli-Armstrong model.
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the accuracy of the extracted structural models,
correlation coefficient (R) and average absolute relative
error (AARE) have been used. The correlation
coefficient R indicates the ability of the model to predict
the trend of changes in experimental and calculated data,
and AARE is an unbiased statistical parameter utilized
to confirm the prediction accuracy of the models. They

are calculated according to the following equations:
L1 (B — E)(P — E)

JZﬁV:l(Ei —E)2XYL (P, —P)?

N
1o |E — P,
AARE (%) = Z|
i=1 i

R

(22)

= X
N I | 100

To calculate the R and AARE, all the experimental
and calculated flow stresses drawn in Fig. 10 have been

used and the results are given in Table 5.

Table 5. Calculated values of R and AARE for different

manufacturer models
Models AARE (%) R
Johnson-Cook 12.62716  0.984
Modified Johnson-Cook 8.756941 0.986
Arrhenius model 10.32087  0.985
Arrhenius strain
compensation model 6953736 0.989
Zerilli-Armstrong 10.21482  0.979
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In general, all the studied models have some

accuracy in calculating flow stress during hot
deformation, although not all of them have the same
accuracy rate. Based on the observations of the plotted
diagrams (Fig. 10(a)), it is concluded that at high
temperatures the accuracy of the JC model was
inadequate. But, at low temperatures, with acceptable
accuracy, the flow stress was predicted, while in the case
of the model in the prediction the trend of changes was
not very good (R =0.9836). The modified Johnson-Cook
model (Fig. 10(b)), in addition to better accuracy in
predicting flow stress values, could have been more
accurate, especially at high temperatures. However, this
model has not been much more successful in predicting
the trend of change (R = 0.9855). Arrhenius model (Fig.
10(c)) in addition to improving accuracy, in predicting
the trend of change was also better than previous
models (R = 0.985). Arrhenius strain compensation
model, considering the effects of strain (Fig. 10(d)),
while having the best accuracy (AARE = 7%) among all
models, has been successful in predicting the trend of
flow stress changes and has been able to predict the trend
of changes with good adaptation (R = 0.989) as shown
in Fig. 11; this model has acceptable accuracy in all
temperature ranges and strain rates. The Zerilli-

Armstrong model (Fig. 10(e)) is only accurate at high

-9 "
S 100

true stress, o (

0.3 0.4 0.5
true strain,

© a0
w

0
(d) 0.1 0.2 0.3 0.4 0.5

true strain, €

Fig. 11. Comparison between measured flow stresses (Continuous lines) and predicted by Arrhenius strain compensation model
(Square symbols): (a) 673 K, (b) 723 K, (c) 773 K, and (d) 823 K.
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temperatures and is not recommended in other
temperature ranges. Also, this model had the worst
accuracy among all the studied models to predict the
trend of flow stress changes (R = 0.979).

4. Conclusion

This study investigates the feasibility of using
classical constitutive models to calculate the hot
deformation behavior of aluminum-based composites.
For this purpose, the Al5083-SiC composite was
fabricated using the stir-casting method and using
Al5083 as a matrix and SiC powder as a reinforcement,
its composition was optimized and then by studying the
composite hot compression process, different
constitutive models were extracted for it. Overall, the
achievements of this dissertation can be summarized as
follows:

e The AI5083-SiC composite was fabricated
using the stir-casting method, the effect of
particle size and amount (9 wt. %) of powder
on the mechanical properties of the composite
was studied and it was found that both
parameters have a significant effect on the
compression strength of the composite. Using
the design and analysis of experiments by the
Taguchi method, the effect of the parameters
and their optimal values have been studied to
find the best composition to achieve a
composite with the highest compressive
strength.

e The ability of several common constitutive
models to predict the behavior of the composite
deformation at high temperatures has been
studied. In addition to accurately predicting the
flow stress in terms of strain, strain rate and
temperature, these models should be able to
predict the trend of stress changes with these
parameters. According to the results, the
models can predict the amount of stress with
appropriate accuracy, but Arrhenius strain
compensation model has the best performance

in both predicting the amount and predicting

IJMF, Iranian Journal of Materials Forming, Volume 8, Number 3

the trend of change.

e The value of hot deformation activation energy
Q, which is calculated for the composite based
on the Arrhenius model, is 265.5 kJmol™!' that
increases compared to the value for the 5083

alloy.
Nomenclature

Symbol Description

a Flow stress

& Strain

T Temperature

& Strain rate

& Dimensionless strain rate £* = £/&,
- Homologous temperature: T* = (T — T,.)/
(Tn = T))
The temperature at the reference condition:
Tr T, =673 K
. The strain rate at the reference condition:
& & =0.001sL
Q  The activation energy

Z  Zener-Hollomon parameter
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