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Application of a self-consistent model to study the flow behavior of
CuZn39Pb3 at elevated temperatures
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Hot compression tests were carried out on the duplex o + [ leaded brass CuZn39Pb3 in
temperature range of 600-800 °C and at strain rates of 0.001-1 s™'. A self-consistent model was
used to analyze the flow behavior of the constituents and the material. A linear viscoplastic model
was used to relate the flow stress of f and o + [ composite to strain rate and the corresponding
viscosity parameters were calculated at various deformation conditions. Using the viscosity
parameters of 3 and o + P and the volume fractions of the constituents, the viscosity parameter of
o was calculated. The values of the viscosity-like parameters and strain rate sensitivity for B and
o + P composite were calculated using the nonlinear powerlaw viscoplastic equation. The results
showed that the flow stress of o calculated using the self-consistent model was considerably
higher than that of . The difference could be attributed to the lower Zn content in o. The flow
stress of oo + B composite was calculated using the law of mixture rule. The law of mixture
modeling of oo + [ composite for the iso-strain condition resulted to the overestimation of flow
stress. The difference between the experimental and predicted results was attribute to the strain

partitioning between o and f.

. INTRODUCTION

Leaded brasses are characterized by a duplex structure
of o, with face-centered cubic (FCC) and B with body-
centered cubic (BCC) microstructures. They have a wide
range of applications, especially for brass forging and
machining parts. The hot deformation behavior of brasses
with different microstructures of single-phase o or f§ and
duplex o + P has been investigated and documented in
the literature.'~® Despite our insight into the flow behav-
iors of individual o or B, our knowledge about their
coexistence is still lacking. This is attributed to the
different flow behaviors of o and B and their interactions
during straining at elevated temperatures. Similar inves-
tigations into duplex stainless steels”® and Ti alloysg’10
have shown that different deformation mechanisms of the
constituents complicate the modeling of flow curves at
elevated temperatures. The situation is more complicated
when we deal with leaded duplex brass comparing to
those which are free of lead. Due to the limited solubility
of lead in Cu alloys, it is often observed as the un-
dissolved particles in o. This means that the present
models for the flow behavior of o at hot working
temperatures cannot be simply used to describe the flow
behavior of lead-bearing o in leaded duplex brass alloys.
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Modeling the flow behavior of alloys has been
always interesting and has drawn scholars’ considerable
attention.'"'? For multi-phase alloys, modeling on the basis
of the constituents individual responses has been always
interesting. The constitutive equations'>'* as well as the
self-consistent models'>™"” have been tried for different
duplex alloys. In some cases, the mentioned techniques
have been combined with the law of mixture rule to develop
new physics-based models."®?° The first challenge to use
the law of mixture is measuring the flow behavior of the
constituents at different deformation conditions. For case
of duplex leaded brass, only the flow behavior of B is
available in the literature®' and that of lead-containing o
has not been reported so far. Moreover, the varying
chemical composition of both phases over the hot
working temperature range more complicates the pre-
diction of o + P flow behavior. Hence, the present work
has aimed at studying the hot deformation behavior of the
constituents in a duplex leaded brass, using a self-
consistent model and predicting the flow behavior of
the material by the law of mixture rule.

Il. MATERIAL AND METHODS

The leaded brass alloy CuZn39Pb3 with chemical
composition according to Table I was used in this
investigation.

The initial microstructure of the materials shown in
Fig. 1 indicates that the alloy is consisted of o and B
phases. In the micrograph, the matrix phase is B and the
lighter islands that contain dark particles of Pb are o.
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TABLE I. Chemical composition of CuZn39Pb3 alloy used in this
investigation.

Element Zn Pb Sn Fe Ni Cu

wt% 39.4 2.29 0.036 0.048 <0.005 Rem.

FIG. 1. Microstructure of the as-received CuZn39Pb3. The light
islands which contain dark Pb particles are o and the darker matrix

is .

The cylindrical specimens with 10 mm in diameter and
15 mm in height were machined from the starting
material according to ASTM E209 standard. Hot com-
pression tests were carried out on the specimens at
temperatures of 600, 650, 700, 750, and 800 °C and
strain rates of 0.001, 0.01, 0.1, and 1 s~ ! by a Zwick-
Roell testing machine (Zwich GmbH & Co. Kg, Ulm,
Germany).

Before the compression tests, the specimens were
reheated to the testing temperatures and soaked for
10 min. Graphite was applied on the contacting surfaces
to reduce friction. The specimens were compressed to the
true strain of 0.6 and the recorded load—stroke data
were converted to the true stress—true strain curves using
the standard equations.

lll. RESULTS AND DISCUSSION
A. Experimental flow curves

The true stress—strain curves of the material at typical
temperatures of 600, 700, and 800 °C and various strain
rates are shown in Fig. 2. The flow curves at low to
medium strain rates (0.001-0.1 sfl) are obviously
characterized by a long plateau of nearly steady state
behavior after a work hardening region. However, at high
strain rates, especially 1 s, a region with moderate work
hardening rate substituted for the steady state region,
observed at lower strain rates. It is easily therefore
implied that the material behaves as a viscoplastic solid
whose flow stress strongly depends on the deformation
temperature and strain rate.

The influence of temperature on flow stress should be
accounted for with regard to the different balances

between o and B at various deformation temperatures.
According to the Cu-Zn-Pb phase diagram calculated
by the Thermocalc (Stockholm, Sweden) software in
Fig. 3(a), the volume fraction and chemical composi-
tion of o and P varies over the hot working temperature
range. Figures 3(b) and 3(c) show that how the volume
fractions and Zn contents of the constituents varies in
the studied temperature range. Indeed, the flow behav-
ior of leaded brass is hard to interpret due to the
variable volume fractions of the constituents over the
hot working temperature range. It has been reported
that the flow stress of Cu—Zn alloys decreases with an
increase in the Zn content.” According to this assump-
tion, it could be deduced from Fig. 3(c) that o should
be considerably stronger than P. In this regard, the
decreasing trend of flow stress with increasing temper-
ature, which is observed in Fig. 2, can be partly
associated with the decrease in the o volume fraction.

The effect of Pb on the flow behavior of o is another
complexity which should be also dealt with. Previous
investigations on Cu—Zn—Pb system have reported that
the solubility of Pb in a is limited to 0.08 wt%; whereas,
Pb can be dissolved up to 0.35 wt% in p.** This signifies
the presence of Pb particles in o islands in Fig. 1 and
necessitates considering their effect on the flow behavior
of o and the composite of o + P.

B. Self-consistent model

As mentioned, the lack of information about the flow
behavior of Pb-containing o is the greatest challenge to
interpret the flow behavior of leaded brass alloys. How-
ever, the flow behavior of P is available from a series of
experiments performed on different Cu—Zn alloys in the
literature.”’ To measure the flow behavior of Pb-containing
o a power-law viscoplastic self-consistent approach was
used. The model was originally developed by Hill*® for
linearly elastic materials and then was extended to the
viscoplastic materials by Suquet.”* If both phases are firstly
considered to be linearly viscoplastic, their constitutive
relation can be determined as follows>*:

G; :k}“éi 5 (1)

where ¢ and € stands for the flow stress and strain rate,
respectively, and k- denotes the “viscosity” parameter
and the subscripts i refers to the constituents o and f. It is
clear that if we consider the composite o + 3 as a linear
viscoplastic material, its viscosity parameter should
depend on ky; and kg and the volume fraction of each
phase, as follows>*:

:—gz (é){ 3-2p+5(1 —fg)(p—l)+\/[3—2p+5(l —f)(p— 1)}2+24p}
(2
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FIG. 2. Representative true stress—strain curves of the studied alloy at various strain rates and temperatures of (a) 600 °C, (b) 700 °C, and (c) 800 °C.
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FIG. 3. (a) Phase diagram of Cu—Zn—Pb with different percentages of Zn drawn using the Thermocalc software,’ (b) the volume fraction of phase
o over the studied temperature range based on the established phase diagram, (c) Zn contents of phases o and [ at the hot deformation temperatures.
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here, ké refers to the viscosity parameter of the com-
posite o + B, p equals to the ratio of kL/k and f; is the
volume fraction of phase B. This equation helps to
calculate the viscosity parameter of Pb-containing
o (ky) from the experimental values of kg and kg. If
both phases are considered as nonlinear viscoplastic
solids, their constitutive relation can be drawn as
follows?”:

6 = ki (3)

where m refers to the strain rate sensitivity parameter
and k; is the viscosity-like parameter of phase i (a, 3 or
their composite). In the approach developed by
Suquet,24 m is taken equal for both the constituents.
Indeed, kc is a function of the viscosities, viscosity-like
parameters, and the volume fractions of the constitu-

ents as follows?*:

p=0

where the expression “min” refers to the minimum of the
right-hand side of equation for positive values of p. In
Eq. (4) the values of kc, kp, k¢, and kk are determined
directly from the constitutive description of flow stress
for the composite and phase B, using Egs. (1) and (3).
The unknown term in Eq. (4) is k, which is used to
calculate the flow behavior of Pb-containing o using

Eq. (3).

1. Calculation of k&, k%, kb, and p

The first step for calculating the flow behavior of o
by the aforementioned approach is calculating the
viscosity parameters of the constituents and the com-
posite using the linear viscoplastic constitutive equa-
tion given in Eq. (1). For this purpose, k& can be
directly determined using the experimental results
presented in Fig. 2. For calculating k& the flow stresses
were obtained from the literature,' considering the fact
that the chemical composition (Zn content) of phase
B changes with temperature according to Fig. 3(c).
Tables II and I1I summarize the flow stress data and k-
values (=0;/¢) for phase B3 and the composite at typical
strain of 0.4.

The values of p Qz ky /ky ) at different deformation
conditions were calculated by solving the quadratic
equation obtained from Eq. (2) as follows:

e [ o (6]
o () oo ) |

TABLE II. Values of flow stress and the viscosity parameter for
calculated using Eq. (1) at different temperatures and strain rates.

Temperature (°C)

600 650 700 750 800

op 2.9 1.7 1.5 1.4 1.1

0.001 ké 2900 1700 1500 1400 1100
001 Gp 6.1 45 35 3.1 24
Strain rate (s~ 1) k[[; 610 450 350 310 240
01 og 122 112 7.5 6.3 5.5

ké 122 112 75 63 55
og 252 203 152 132 12.6

! kK 252 203 152 132 126

TABLE III. Values of flow stress and the viscosity parameter for
o + B composite calculated using Eq. (1) at different temperatures
and strain rates.

Temperature (°C)

600 650 700 750 800

cc 574 35 22 1.65 1.5

0.001 k"¢ 5740 3500 2200 1650 1500
001 C]Y‘C 1402 79 5.8 394 27
Strain rate (s~ k'c 1402 790 580 394 270
01 cc 337 20 10.7  7.35 5.3

k¢ 337 200 107 735 53
6c 609 396 19 123 106
k'« 609 396 19 123 106

TABLE IV. Values of p (k& kﬁ calculated based on Egs. (2), (5)
and (6) at different deformation conditions.

Temperature (°C)

Strain rate (s~') 600 650 700 750 800
0.001 5.47 5 4.61 2.18 1

0.01 72 5.5 7.53 3.55 1.96
0.1 9.8 5.74 4.11 2.06 0.78
1 7.86 4 2.38 1.49 0.48

where coefficients p, g, and r can be determined from
a set of equations as follows:

p=8B(3B—2) |,
q=4B (10— 12B+34) —24(A - 1) ,
r=24B (B—0.5A —1)+36A(1 —A)

(6)
Ak
L )
ks
B=1~fp

pp2 +gp+r=0 , (5) Table IV and Fig. 4 summarize the calculation results
of p and k% at different deformation conditions. The
calculated values of p are filtered according to
3456 J. Mater. Res., Vol. 30, No. 22, Nov 27, 2015
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the condition of p = 0 in Eq. (4). According to Fig. 4, the
viscosity parameter of phase o decreases with increasing
deformation temperature which is consistent with the
decrease of flow stress at high temperatures.

2. Determination of k¢, kg, m, and k,

Assuming that phases o and B as well as their composite
are viscoplastic solids, the constitutive relationship between
their flow stress and strain rate can be established as Eq. (3).
Hence, the values of k¢, kg, and m could be determined by
drawing the experimental data of the studied alloy and
phase B in a logarithmic scale as in Fig. 5.
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FIG. 4. Variation of the viscosity parameter of phase o (kb) with
deformation temperature and strain rate at the typical strain of 0.4.
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The values of m at different deformation temperatures
and strain rates were determined using the definition of
derivation as follows:

B 81nc~1n0,»+1 —Ino;

i = Olne ()

In éi+1 —In él'

After calculating m at various temperatures and strain
rates, the corresponding values of k; were determined by
using Eq. (3). Tables V=VII summarize the values of k¢,
kg, and m calculated based on the above approach. By
replacing the calculated values of kc, kg, and m into
Eq. (4), k, was determined at various deformation
conditions. It is worthy of attention that the condition
of p=0 was satisfied in Sec. III.B.1 through solving the
quadratic equation of Eq. (5). Table VIII summarizes the
calculated values of the viscosity-like parameter for Pb-
containing o.

3. Flow behavior of o, B, and o +

The flow stress of phase o was calculated at the typical
strain of 0.4 using the calculated values of k, in
Table VIII. Figures 6(a)-6(e) provide the variation of
o, with temperature at various strain rates. The experi-
mental flow stresses of the composite o + [, reported in
Fig. 2, have been superimposed in Fig. 6 for comparison
with those of o and B. In addition, the law of mixture role
[Eq. (8)] has been used to calculate the flow stress of the
composite using the specific flow stresses and the volume
fractions of the constituents.

Gc = f40q +fBGB s (8)

where f stands for the volume fraction and o is the flow
stress of the composite (studied leaded brass alloy) at
a given deformation temperature and strain rate.
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FIG. 5. Variation of the flow stress with strain rate in the frame of the nonlinear viscoplastic equation [Eq. (3)], (a) the composite alloy of o + B,

(b) phase p.
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TABLE V. Values of the viscosity-like parameter of o + B composite
(kc) calculated using Eq. (3) at different deformation conditions.

TABLE VII. Values of the strain rate sensitivity parameter of B (m)
calculated using Eq. (3) at different deformation conditions.

Temperature (°C)

600 650 700 750 800

Temperature (°C)

600 650 700 750 800

0.001  83.89 4036 4044 2253 8.77

0.01 82.16 4506 28.16 17.52 9.53

0.1 70.18 4474 1935 1298 1049
1 60.9 39.6 19 12.3 10.6

Strain rate (s~')

0.001 0.32 0.28 0.37 0.35 0.34

Strain rate (s 1) 0.01 0.31 0.34 0.35 0.33 0.35
‘ 0.1 0.31 0.33 0.32 0.31 0.36
1 0.32 0.26 0.31 0.32 0.35

TABLE VI. Values of the viscosity-like parameter of B (kg) calculated
using Eq. (3) at different deformation conditions.

TABLE VIII. Values of the viscosity-like parameter of o (k)
calculated using Eq. (4) at different deformation conditions.

Temperature (°C)

Temperature (°C)

600 650 700 750 800 600 650 700 750 800
0.001 27.06 12.12  19.11 1524 1145 0.001 173.15 7746  97.01 3751 15
0.01 25.62  21.51 17.47 1392 122 0.01 182.85 102.75 81.74  35.89 10

. —1
Strain rate (s ) 2478 2377 1562 1299  12.82

1 25.2 20.3 15.2 13.2 12.6

. —1
Strain rate (s ) 16743 101.87 3854 1743 723

1 137.2 65.4 29.77  16.52  6.88

It should be noted that o- has been calculated
assuming that the strain in both phases is the same
and equal to the strain applied to the composite of
o + B. This situation is often termed as “iso-strain”
condition. It is clear that due to the difference between
the flow stresses of o and P, the situation of “iso-
stress” do never happen during straining of composite
o + P.

The results clearly show that the flow stresses of
o and P increase as strain rate rises or temperature
declines and the flow behavior of studied o + B alloy
obey the same variations. It is also worthy of note that
at all conditions of temperature and strain rate, apart
from 800 °C [Fig. 6(e)], the phase o is remarkably
stronger than PB. This observation can be associated
with different Zn-contents of o and B according to
Fig. 3(c).

These results well agree with those reported by
Momeni et al.” who showed that the flow stress of
Cu—Zn alloys decrease as the Zn content increases. They
attributed their finding to the interactive diffusion of Zn
and Cu at hot working temperatures.

Another important result which could be high-
lighted here is that the flow stress obtained from the
law of mixture is closer to that of o and shows a great
overestimation with respect to the experimental flow
stress of o + B composite. The difference between the
experimental and law of mixture flow stresses is on
top at 600 °C and decreases as temperature rises to
750-800 °C. This is an important finding, reflecting
the fact that the “iso-strain” condition cannot be
applied for the composite o + B. Indeed, there should
be a strain partitioning phenomenon between o and

in their composite. The strain partitioning between
phases in a composite is a result of the considerable
difference between their flow stresses and results in
more strain accommodation by the softer phase.
Similar strain partitioning has been reported between
ferrite and austenite phases during hot working of
a duplex stainless steel.'* Hence in o + B composite
most of strain is accommodated by the softer phase,
which is B. As mentioned, the difference between the
experimental and law of mixture values of flow stress
for o + P decreases as temperature rises. At 800 °C
and all strain rates, o is softer than 3 and therefore the
law of mixture curve lies below the experimental
curve and that of phase a. These results indicate that
at 800 °C the flow behavior of the material has
considerably changed. According to Figs. 3(a) and
3(b), it is reasonable to agree that with increasing
temperature and decreasing volume fraction of o, the
flow behavior of the o + P composite is more inclined
to that of . However, in contrast to Fig. 3(b) at which
the volume fraction of o at 800 °C is predicted to be
a bit more than 50%, microstructural observations by
Momeni et al.” showed that the volume fraction of o at
800 °C should be well below 50%. Therefore, the
current results predict that at 800 °C the material
behaves as if only B is present. As a conclusion, it is
observed that the calculations based on the self-
consistent approach satisfactorily predict the flow
behavior of phase o in duplex brass alloys. Moreover,
a combination of the self-consistent approach and the
law of mixture rule can predict the flow behavior of
the composite o + B if strain partitioning is taken into
account.
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FIG. 6. Comparison between the calculated flow stress of o, B, and oo + B composite. The flow stresses of o and o + [3 composite have been
calculated using the self-consistent approach and law of mixture rule, respectively. (a) 600 °C, (b) 650 °C, (c) 700 °C, (d) 750 °C, (e) 800 °C.

IV. CONCLUSIONS

Hot compression tests were carried out on the
duplex o + B leaded brass CuZn39Pb3 in temperature
range of 600-800 °C and at strain rates of 0.001-1 s,
A self-consistent model was used to analyze the flow
behavior of the constituents and the material. The
major results of this research can be summarized as
follows:

(1) A viscoplastic model was used to relate the flow
stress of B and o + B composite to strain rate and the
values of viscosity parameters for B and o + [ were
calculated at various deformation conditions.

(2) The viscosity parameter of Pb-containing o was
calculated using the self-consistent model at different
temperatures and strain rates. The viscosity parameters of
B and o + P and the volume fractions of the constituents
were used as inputs to the model.

(3) The values of the viscosity-like parameters and
strain rate sensitivity for § and o + P composite were
calculated using the nonlinear viscoplastic equation.

(4) The calculated flow stress of o using the self-
consistent model was considerably higher than that
of B. The difference was attributed to the lower Zn
content in a.

J. Mater. Res., Vol. 30, No. 22, Nov 27, 2015

(5) The flow stress of o + § composite was calculated
using the law of mixture rule. As the iso-strain condition
overestimated the experimental results it was concluded
that a considerable strain partitioning should exist
between o and f.
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