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Characterizing the high temperature flow behavior of a lead bearing duplex brass in a wide range of
forming temperatures (673-1073 K) and strain rates (0.001-0.1 s™1) has been conducted in the present
work. In order to establish the constitutive equations, two major modeling procedures, phenomenological
(the Original Johnson-Cook and the Arrhenius-type) and physically based (the modified Zerilli-Armstrong)
models, have been employed. The capability and accuracy of each model has been assessed via standard
statistical parameters such as average absolute relative error and correlation coefficient. The comparative
and comprehensive study of the flow behavior indicated that the accuracy of the phenomenological models
was strongly dependent on the range of the testing temperatures and the corresponding mechanism which
operate under the specified deformation conditions. It has been indicated that by limiting the temperature
range a more precise Q-value is reached, which positively influences the accuracy of the Arrhenius-type
model. In contrast, the modified Zerilli-Armstrong model was capable to overcome these limitations and
properly considers the physical characteristics including dislocation dynamics and thermal activation to

develop the materials constants.

Keywords constitutive equations, flow behavior, formability,
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1. Introduction

The widespread and ongoing popularity of copper-zinc
alloys (i.e., brasses), is the ease with which they are being
processed to finished and semi-finished products, such as rods,
profiles, or sheets (Ref 1). Conventionally, they are thermome-
chanically processed (TMP) at high temperatures, where the
material experiences a complex combination of strain, strain
rate and temperature (Ref 2). To this end, achieving the desired
mechanical properties is in dependent on how suitable ther-
momechanical processing (TMP) routes are designed. The
latter is achieved by proper understanding of the material’s
response to external loadings. In this regard, constitutive
modeling is used as a powerful tool for predicting the material
behavior under specified deformation conditions (Ref 3-5).

Up to date, many constitutive relationships including
phenomenological and physical-based models have been pre-
sented to predict the high temperature flow behavior of the
materials. Phenomenological constitutive models provide a
definition of the flow stress based on the empirical observa-
tions, and consist of some mathematical functions (Ref 6, 7) In

E. Farabi, A. Zarei-Hanzaki, and H. R. Abedi, The Complex
Laboratory of Hot Deformation & Thermomechanical Processing of
High Performance Engineering Materials, School of Metallurgy and
Materials Engineering, College of Engineering, University of Tehran,
Tehran, Iran. Contact e-mail: zareih@ut.ac.ir.

Journal of Materials Engineering and Performance

this regard, the Johnson-Cook (JC) constitutive model (Ref 8)
has been successfully incorporated in finite element analyzing
packages to describe the variation of the flow stress with
forming temperature, strain rate and imposed strain, in a simple
multiplication form (Ref 9). Lin et al. have recently utilized the
original Johnson-cook model to predict the flow stress of the
Al-Mg-Cu alloy (Ref 10). They proposed this model as an
accurate constitutive equation to estimate the high temperature
loading responses of the corresponding alloy. In another
approach the hyperbolic sine Arrhenius-type constitutive
equation as a phenomenological model has been successfully
applied to predict the elevated temperature flow behavior of the
materials. This model was proposed by Sellars and MacTegart
(Ref 11) where the flow stress would be expressed by the sine-
hyperbolic law in an Arrhenius-type of equation. The original
model has been revised several times to suitably represent the
elevated temperature response of various alloys to the external
loadings. Sloof et al. (Ref 12) have introduced a strain-
dependent parameter into the hyperbolic constitutive equation
in order to improve the capability of the proposed model. This
approach has been employed by various researchers, and the
constitutive behaviors of pure titanium (Ref 13), 42CrMo steel
(Ref 14), Ti-modified austenitic stainless steel (Ref 15), Ni-Ti
shape memory alloy (Ref 16), copper (Ref 17), and copper
alloys (Ref 18) have been formulated.

In contrast to previous phenomenological flow stress
models, a modified Zerilli-Armstrong model was proposed by
Samantaray et al. (Ref 19). This has been successfully
employed to describe the high temperature flow behavior of
ferrous (Ref 16) and non-ferrous materials (Ref 20). Appar-
ently, the physical characteristics including dislocation dynam-
ics and thermal activation are employed as the main features to
develop the materials constants. The Zerilli-Armstrong model
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(Ref 21) and its modified form considers the effects of thermal
softening, strain rate hardening, and isotropic hardening as well
as the coupled effects of temperature, strain, and strain rate on
the flow stress. The capability of this model has been assessed
in the case of 20CrMo steel (Ref 22), modified 9Cr-1Mo
steel (Ref 23), Ti-6Al-4V (Ref 21), and 7050 aluminum alloy
(Ref 20).

The high temperature deformation behavior of metallic
materials has been always accompanied with various intercon-
necting metallurgical phenomena such as work hardening,
dynamic recovery, dynamic recrystallization, and flow instabil-
ity. Consequently, the modeling and prediction of high
temperature flow behavior of metallic materials is quite
complex in nature and each constitutive model holds its own
drawbacks and errors in predicting the behavior of the material
at elevated temperatures. In this aspect many researchers have
investigated the capability of each model for various materials
in different range of temperatures and strain rates (Ref 24-26).
In line to previous efforts, the objective of this investigation is
to establish the constitutive equations based on phenomeno-
logical (original Johnson-Cook and strain-compensated Arrhe-
nius-type) and physically based models (modified Zerilli-
Armstrong), and make a comparative study on their capability
to predict the elevated temperature flow behavior of a leaded
duplex brass in a wide range of temperatures and strain rates.
The suitability of these three models has been evaluated by
comparing the correlation coefficient and average absolute
relative error (AARE) of prediction, the ability to track the
deformation behavior, and the numbers of material constants.

2. Experimental Procedure

A leaded duplex brass in as-extruded condition holding the
chemical composition given in Table 1 was considered as
experimental material. The initial microstructure of the
as-received material is given in Fig. 1. The presence of coarse
alpha grains elongated in parallel to the extrusion direction,
beta phase matrix and annealing twins inside the alpha grains
are clearly evident through the microstructure. The hot
compression cylindrical specimens were prepared in accor-
dance with ASTM E209 standard (8 mm in diameter x 12 mm
in height). The hot compression tests were carried out using a
Gotech AI-700 LA 30 servo controlled electronic universal
testing machine equipped with an electrical resistance furnace.
The corresponding thermomechanical processing (TMP) cycles
were performed in the temperature range of 673 to 1073 K
under the strain rates of 0.001, 0.01, and 0.1 s~ The reduction
in height was programed to be 60% by the end of the
compression tests. Prior to any hot compression test, the
specimens were first preheated to the preset temperature in an
electric resistant furnace and soaked for 5 min. to equilibrate
the temperature throughout the specimens. The specimens were
immediately quenched in water right at the end of straining.
The true stress values were recorded using a high accurate load
cell (Model: SSMDJM- 20kN) affording the capability of
measuring the load forces down to 0.1 kg. The displacement
data were used to compute the true strain values. A very thin
mica plate was used to minimize the friction effects. Each cycle
was repeated three times in order to maintain the reliability of
the experimental procedure and the mean flow stress was
reported.
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Table 1 Chemical composition of the experimental
leaded duplex brass (wt.%)

Cu Fe Pb Sb Bi Zn

58.50 <0.15 1.5 <0.005 <0.002 Bal.

Bup

E.D?

Fig. 1 Initial microstructure of the experimental alloy

3. Results and Discussions

The typical true stress- true strain curves obtained in different
thermomechanical conditions are represented in Fig. 2. To justify
the effect of friction, the flow behavior has been corrected and the
corresponding curves are also superimposed on each curve
(Ref27). According to the previous researches (Ref28, 29), some
methods to evaluate the average friction coefficient in bulk metal
forming have been proposed for cylindrical specimens; a typical
formulation is given by

Rxb
e (Eq 1)
Vi 33

where L is the average friction coefficient of the entire working

process varying from 0 (perfect sliding) to 1 (sticking), b is the

barreling factor, and R and 4 are the theoretical radius and final

height of the sample respectively; b is given by (Ref 28, 29)
AR h

(Eq 2)

As it is illustrated in Fig. 3, AR and Ak are the differences
between the maximum radius (R,,) and the top radius (R) of the
sample and the reduction in height for the cylinder after compres-
sion, respectively. To eliminate the friction effect from the
deformation curve, the following equation can be used (Ref28-30):

o c*p
~ 2[exp(C) —C— 1]’

(Eq 3)

where C = %, and 7 and & are the original radius and the

height of the sample. p is a constant obtained from Eq 1 and
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Fig. 3 Schematic figure of the specimen shape change after hot
compression process

P is the experimental true stress of the specimen. Therefore,
by combining Eqs 1 and 3, the correction of true stress-true
strain curves can be done.

According to the obtained flow curves (Fig. 2), it can be
easily found that the corrected flow stresses generally are lower
than the measured ones, which reflects the negative effects of
interfacial friction on the flow stress. In addition, the flow
behavior is significantly affected by the deformation temper-
ature and strain rate. These figures reveal the typical
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True Strain

1

s

recrystallization-accompanied plastic flow (Ref 31, 32), where
a single peak is followed by work softening down to the steady
state regime at higher imposed strain. These findings are in
accordance with previous reported results trying to characterize
the recrystallization behavior of duplex brass from the quali-
tative point of view (Ref 33). Interestingly, a sharp transition in
stress level is realized by increasing deformation temperature
from 673 to 773 K. As is well established (Ref 2), this can be
justified considering the occurrence of order-disorder transfor-
mation at about 727-736 K. As a matter of fact, the strength-
ening effect of ordered B’ phase (B2 structure) will be lost due
to the occurrence of this diffusional transformation. These will
be properly employed to assess the high temperature flow
behavior of the alloy from the quantitative viewpoint.

3.1 Constitutive Modeling

3.1.1 The Original Johnson-Cook (JC) Model. The
original Johnson-Cook model (Ref 8), which has been suc-
cessfully employed for a variety of materials in a wide range of
deforming temperatures and strain rates (Ref 26) is expressed as

€

£)a-m.

o= (A—i—Ba”){l +Cln<
0

(Eq 4)

where G is the equivalent flow stress, 4 is the yield stress at
reference temperature and reference strain rate, € is the
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equivalent plastic strain, n is the exponent of strain harden-
ing, and B is the strain hardening coefficient. C and p are the
material constants that represent the coefficient of strain-rate
hardening and the thermal softening exponent, respectively. &
is the strain rate, while & is the reference strain rate, and 7"
is the homologous temperature, which is expressed as
T =(T—T,)/(Tw — T;); T is the absolute temperature, T,
is the melting temperature (1175 K for the experimental
alloy), and 7; is the reference temperature. The lowest test
temperature (673 K) and strain rate (0.001 s™') are chosen as
the reference temperature (7;) and the reference strain rate
(€), respectively; these would ensure a successful calculation
of material constants. The yield stress (4) at reference temper-
ature and reference strain rate is measured to be 98 Mpa. The
Eq 4 can be simplified as is follows where the strain rate is

0.001 s~ " and the forming temperature is 673 K:
c =A+ Be". (Eq 5)

Taking the logarithm of both sides of Eq 5 gives (for the
cases with o < A):

In(4 — o) =In(—B) + nlne. (Eq 6)
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Then, substituting the values of the flow stress and
corresponding strain values into the Eq 6 gives the relationship
between In (4 — o) and In &, as is shown in Fig. 4. The value of
n and B can be obtained from the slope and intercept of the
fitting line in the In (4 — ) — In € plot; these are calculated to
be 1.57 and —43.79 MPa, respectively. Where only the
reference temperature is applied, Eq 4 can be simplified as

Eq 7
A + Beg" (Ea 7)

The relationship between %= and In(¢/&) has been
plotted for a series of strains (0.03-0.6) in Fig. 5. Then, the
material constant C (~0.25) has been calculated by linear fitting
method. Here, only the average fitting line is shown in Fig. 5.
Where only the reference strain rate is applied, Eq 4 can be
expressed as is follows:

=1+ Cln(&/%).

c

=1-T7. Eq 8

A+ Ber (Ea®)
Taking the logarithm of both sides of Eq 8 gives

In(l1 — o/c9+Be") =PInT". (Eq 9)

Then, substituting the five different deformation tempera-
tures (673, 773, 873, 973, and 1073 K) and the corresponding
flow stress at different strains into Eq 9, the relationship
between In [1 — /(o + Be")] and In 7" can be obtained
(Fig. 6). Finally, p as the material constant is calculated to be
0.31 by linear fitting method. So, the original Johnson-Cook
model for the experimental alloy can be summarized as

N 0.25.1n(é)} (1= 77031y,

(Eq 10)

o = (98.07 — 43.79¢'7) |1
€0

The comparisons between the measured and predicted flow
stresses through the original Johnson-Cook model are shown in
Fig. 7. Obviously, the prediction can be accepted only under
the reference temperature and reference strain rate.

3.1.2 Arrhenius-Type Constitutive Model. The strain-
compensated Arrhenius-type equation (Eq 11) has been widely
employed to describe the relationship between the strain rate,
flow stress, and temperature, especially at high temperatures
(Ref 34-36):

-0.5
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Fig. 6 The variation of In {1 — (c/4 + Be")} vs. In (I")
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é:AF(G)exp(——T), (Eq 11)
where
o, ac<0.8
F(o) =< exp(po), ac>1.2,
[sink(ao)]" forall o

where o is the flow stress (MPa), & is the strain rate (s~'), O
is the effective activation energy of deformation (J/mol), R is
the universal gas constant (8.314 J/(molK)), and 4 (s "), o
(MPa’l), n, n;, and B are material constants, which are
experimentally determined.

Furthermore, the effects of temperature and strain rate on the
deformation behaviors can be characterized by Zener-Holloman
parameter as is follows:

Z = éexp(}%).

In this study, the strain of 0.3 was taken as an example to
introduce the solution procedures of the material constants. At a
certain deformation temperature, for the low stress level
(0o < 0.8) and high stress level (ac > 1.2), substituting the
power law and exponential stress law of [F(o)] into Eq 8 gives
the following equations:

(Eq 12)
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& = Bo™, (Eq 13)

¢ = Cexp(po), (Eq 14)

where B and C are the material constants. Taking the loga-
rithm of both sides of Eq 13 and 14 to

G:flnéfllnc,

B B (Eq 15)

1 1
Inoc=—In¢——InB.

Eq 16
o . (Eq 16)

It is obvious that the relationship between flow stress and
strain rate can be approximated by a group of parallel straight
lines. As shown in Fig. 8(a) and (b), the value of n; and f can be
obtained from the slope of the linesinthelInc —Iné¢andc — In€
plots, respectively. Since the slopes of the lines are approximately
the same, only the mean slope value is calculated; this gives the
corresponding value of o = f/n;. For all the stress level
(including low and high stress levels), Eq 11 can be written as

¢ = A[sin h(ao)]” exp(— 0 ) .

= Eq 17
RT (Eq 17)

Taking the logarithm from both sides of Eq 17 and
rearranging them would yield to the following equation:
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By substituting the values of the strain rate and flow stress
for the true strain of 0.3 at all the deformation temperatures into
Eq 18, the In[sinz(ao)]- In € relationship and the n value can
be obtained (Fig. 8c). Then constant A is also calculated from
the intercept of In[sin2(0to)] versus In € plot. For a particular
strain rate, the Q-value can be also derived from the mean slope
of In[sin2(ac)] — 1000/ T plot (Fig. 9) through the following
equation:

(Eq 18)
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O = 1000Rn |d{In sinh(otc)}/d(g)} . (Eq 19)

It is worth to note that the effect of imposed strain on the
flow stress is significant; especially at the initial stage of
deformation process thereby the strain effect should be taken
into account. Accordingly, a method of compensation of strain
(Ref 14) was used to increase the accuracy of the prediction
where the material constants were evaluated under different
strains, and were employed to fit into the polynomial functions
of strain. A fifth order polynomial, as is shown in Eq. 20, was
found to represent the influence of strain on material constants

Table 2 Coefficients of the polynomial for o, n, O and

InA

with a very good correlation and generalization (Fig. 10). The
corresponding coefficients of the polynomial functions are
given in Table 2.

o=ay+a€+ a282 + a383 + a484 + a585
n=2>N, +N18+N282 +N383 +N484 +N585

0 =00+ 018+ s + 038 + 04e* + 058’
Ind = Ay + A1g + Az + A3 + A4 + A58’

(Eq 20)

After the material constants are evaluated, the flow stress for
a particular strain can be predicted. Finally, according to the
definition of the hyperbolic law, the flow stress can be written
as a function of the Zener-Hollomon parameter:
1 2 13
1 | Z "+ Z ”+1
c=—-In{ (= -
o A4 A

(Eq 21)

A n [0 In 4
The comparison between the experimental and predicted
ag = 2.5798 Np = 0.104 Qo =510.54 Ay =59.223 data from strain-compensated Arrhenius-type constitutive equa-
ap =—12.467 N;=-02652 (O, =1166.6 A4, =-149.72 tion for various processing conditions is shown in Fig. 11. As is
a = 85.595 N = 1.8209 0, =185074 Ay =+1091.5 seen the predicted flow stresses are completely different with
a3 = —-276.45 N3 - —5.0723 05 - —28690 A, - —3674.2 the experimental results in the entire processing domain. The
aa = 41273'; 105 ]NV 4 6'2 012726 Qs B 432746;12 j“ : 3 539187'§ 9 following results have been seen in prediction of flow stress of
as = —237. s= 3 Os= - s = 7317, Aermet100 steel (Ref 24).
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3.1.3 Modified Zerilli-Armstrong Model. In order to
investigate the capability of physically based constitutive
models, the modified Zerilli-Armstrong model for predicting
the high temperature flow behavior has been employed. The
modified equation can be represented as is follows:

6 = (C1 + ") exp[—(C5 + Cye)T* + (Cs + CoT*) In "],
(Eq 22)

where o is the flow stress, € is the equivalent plastic strain,
&" = ¢/¢p is the dimensionless strain rate with £ being the
strain rate and £, the reference strain rate, 7" = (T — Tyep) with
T and T being the current and reference temperatures. Cl1,
C2, C3, C4, C5, C6, n are the materials’ constants. Similar to
Johnson-Cook model, the reference temperature and the refer-
ence strain rate are taken to be 673 K and 0.001 s, respec-
tively. Where the reference strain rate is employed ( €* = 1):

6 = (C1 + Cy) exp[—(Cs + Cs8)T]. (Eq 23)

Then, taking natural logarithm of both sides results in the
following equation:

Inc = 1n(C1 + C28n) — (C3 + C48)T*. (Eq 24)

Substituting the experimental flow stress data at €* = 1 into
Eq. 24, the relationship between In & and 7" is obtained, as is
shown in Fig. 12. Then, the values of In (C; + C,&") and
—(C5 + C4¢) can be calculated.

I = ln(Cl + Czs"). (Eq 25)
Rearranging the above equation yields
In(expl; — C;) =InC; + nlne. (Eq 26)

Here, C is the yield stress determined from the true stress-
strain curve at reference temperature and strain rate. Substitut-
ing C, into Eq. 26, the relationship between In (exp I; —
Cy)and In ¢ is obtained (Fig. 13). Then, C, and n can be
calculated from the intercept and slope of the plotted trend line.
In the same way, the slope of the line represented by Eq. 23 can
be written as

S = *(C}, + C48). (Eq 27)

4.5 < ¢ Data Points
4 — Linear fit

0 100 200 300 400 500
T'(K)

Fig. 12 The variation of In ¢ vs. 7" for the strain of 0.21 at refer-
ence strain rate

216—Volume 24(1) January 2015

Figure 14 shows the relationship between S; and €, where
—C; and —Cy constants can be obtained through the corre-
sponding intercept and the slope, respectively. By taking
natural logarithm of Eq. 22, the following expression could be
derived:

Inc = 1n(C1 + Cz?,n) — (C3 + C48)T* + (C5 + C6T*) Ing*.
(Eq 28)

The In o versus In&* plot gives the value of (Cs + C¢T") as
the slope of plotted line. For different applied temperatures,
different values of S, are obtained at a specific strain, and the
slope can be represented as is follows:

S, = Cs + CeT". (Eq 29)

Therefore, the relationship between S, versus T " can be
obtained (Fig. 15), where the value of Cs and Cg constants are
calculated from the intercept and slope of the corresponding
trend line, respectively. Finally, giving all of the material
constants (Table 3), the developed constitutive equation based
on modified Zerilli-Armstrong model is represented as is
follows:

30

4 Data Points
25 —— Linear fit

20 -

15

In (expl,-C,)

10

0 - -
0 -0.5 -1 -1.5 -2
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Fig. 13 The variation between In(exp/; — C;) and In &
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Fig. 14 The variation of S, with true strain
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o = (98.07 — 23.63c"%*) exp[—(0.0104 + 0.0002¢) T

0.3 <& * +(0.1407 + 0.000447*) In &*].

0.25 - (Eq 30)
0.2
& | The flow stress data have been predicted accordingly for
0.15 | . various thermomechanical processing conditions. As is
observed in Fig. 16, the comparison between the experimental
i . data and calculated ones indicates the high capability of
0.05 ¢ Dataforstrain of 0.4 modified Zerilli-Armstrong model for different processing
—Linear-fit conditions to predict the high temperature flow behavior of
0 ; ‘ the experimental materials.
0 100 200 300 400 500

3.1.4 Verification of Developed Constitutive Mod-
els. As was shown, the original Johnson-Cook model can
represent the high temperature flow behaviors of the experi-
mental alloy only at the reference strain rate and temperature.

T (K)

Fig. 15 The variation S, with 7°

Table 3 Parameters for the modified Zerilli-Armstrong model to predict the high temperature flow stress of leaded
duplex brass

Parameter C1 (MPa) C2 (MPa) C3 C4 C5 Cé6 n
Value 98.07 —23.63 0.01065 0.00021 0.14077 0.00044 0.64
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Fig. 16 Comparison between the experimental and predicted flow stresses utilizing the modified Zerilli Armstrong constitutive equation under
the strain rate of: (a) 0.001 s™', (b) 0.01 s™', (¢) 0.1 s~
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Fig. 17 The calculated activation energy (Q-value) in different test
temperature ranges of: (a) 673-1073 K; (b) 773-1073 K

Apparently, where the differences of the applied strain rate and
temperature are increased compared to the reference ones, the
accuracy of the prediction decreases. The significant deviation
in prediction is attributed to the fact that the original Johnson-
Cook model assumes the thermal softening, strain-rate harden-
ing, and strain hardening as three independent phenomena
which can be isolated from each other. However, the coupled
effects of temperatures, strain rates, and imposed strain should
be considered on the flow stress behavior of the alloy.

The other phenomenological constitutive model (Arrhenius-
type) cannot accurately predict the flow stress behavior of the
material over the wide ranges of temperature and strain rate. As
a matter of fact, the accuracy of Arrhenius-type constitutive
model is strongly dependent on the Q-value which changes
significantly through limiting the test temperature range. In this
regard, the activation energy values have been recalculated at
different temperature range and plotted versus strain rate in
Fig. 17. These two temperature ranges (673-1073 K and 773-
1073 K) have been adopted considering the fact that the flow
stress level would be dramatically decreased by increasing the
test temperature from 673 to 773 K (refer to Fig. 2). Evidently,
this decrease in the stress level represents the changes in
operated deformation mechanism, which directly determine the
activation energy over the investigated temperature range. As is
observed in Fig. 17, limiting the temperature range leads to a
different and lower Q-value, which positively influences the
accuracy of the proposed model. This is well rationalized
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Fig. 18 Comparison between the experimental and predicted flow stress applying strain-compensated Arrhenius-type equation under the strain
rate of (a) 0.001 s™', (b) 0.01 s—', () 0.1 s~ in the temperature range of 773-1073 K
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Zerilli-Armstrong model; (c) the Arrhenius-type model in temperature range of 673-1073 K; (d) the Arrhenius-type model in temperature range

of 773-1073 K

comparing to the prediction, which have been carried out at
different temperature range (Fig. 18 and 11). Thus, there is a
great debate around decision making through Arrhenius consti-
tutive model in a wide temperature range, in which the
deformation mechanisms changes significantly. On the contrary,
the modified Zerilli-Armstrong model seems to be capable to
overcome these shortcomings, because it properly considers the
physical characteristics including dislocation dynamics and
thermal activation to develop the materials constants. It should
be considered that in developing Zerilli-Armstrong model to
predict the flow stress, the reference strain rate and temperature
have been employed (here the reference strain rate is 0.001 s~
and the reference temperature is 673 K). Apparently, the
modified Zerilli-Armstrong equation is sensitive to these
reference conditions, and deviates from the experimental stress
values where the severe deformation conditions are applied.
This deviation has been also reported in previous researches
(Ref 23, 26). However, the capability of this model is in good
agreement with previous reported data in the case of modified
9Cr-1Mo steel (Ref 23) and T24 steel (Ref 25).

The accuracy of the mentioned models is also verified via
employing standard statistical parameters such as AARE and
correlation coefficient. AARE is an unbiased statistical param-
eter for measuring the predictability of a model/equation, and is
calculated through a term-by-term comparison of the relative
error (Ref 37). The correlation coefficient (R) provides infor-
mation on the strength of linear relationship between the
experimental and the predicted values. They can be expressed as
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AARE(%) — jivi

i=1

E;—Pi

x 100, (Eq 31)

i

ke Lo E-BP-P)
VI (E - EPYY, (P - P

where E; is the experimental data and P; is the predicted va-
lue obtained from the constitutive equation. £ and P are the
mean values of E and P, respectively. N is the total number
of data employed in the investigation. Figure 19 shows the
plots of experimental values and predicted values predicted
by the three developed models, respectively. The AARE of
the modified Zerilli-Armstrong, original Johnson-Cook, and
Arrhenius-type models are calculated to be 9.42, 72.30, and
39.52%, respectively. This also indicates that the modified
Zerilli-Armstrong model has the best correlation between the
predicted results and experimental ones in comparison to the
other phenomenological models.

(Eq 32)

4. Conclusions

A comparative study has been made on the ability of the
phenomenological (original Johnson-Cook and Arrhenius-type)
and the physical (modified Zerilli-Armstrong) constitutive
models, to describe the elevated temperature flow behavior of
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leaded duplex brass in the temperature range of 673-1073 K
with the strain rate of 0.001-0.1 s™'. The results indicate that
the Original Johnson-Cook model may not consider the
coupled effects of temperatures, strain rates, and imposed
strain; the flow stress predictions would be only accurate at
reference temperature and strain rate. The Arrhenius-type
constitutive inherits inaccuracy of predictions due to the
inability of the equation in acquiring the precise activation
energy (Q-value) in a wide processing domain.However, the
modified Zerilli-Armstrong constitutive equation could predict
the flow stress more accurately and could be considered as the
best model for predicting the high temperature flow stress
behavior of leaded duplex brass. These findings are also
verified through calculating the related statistical parameters,
where AAREs for the original Johnson-Cook, Arrhenius-type,
and modified Zerilli-Armstrong models are 72.30, 39.52, and
9.42% respectively.
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