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Abstract: The hot deformation behavior of a novel imitation-gold copper alloy was investigated with Gleeble−1500 
thermo-mechanical simulator in the temperature range of 650−770 °C and strain rate range of 0.001−1.0 s−1. The hot deformation 
constitutive equation was established and the thermal activation energy was obtained to be 249.60 kJ/mol. The processing map at a 
strain of 1.2 was developed. And there are two optimal regions in processing map, namely 650−680 °C, 0.001−0.01 s-1 and 740−770 
°C, 0.01−0.1 s−1. Optical microscopy was employed to investigate the microstructure evolution of the alloy in the process of 
deformation. Recrystallized grains and twin crystals were found in microstructures of the hot deformed alloy. 
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1 Introduction 
 

Copper and copper-matrix alloys are widely used in 
many fields because of their beautiful colors, high 
strength and corrosion resistance. With the increase of 
gold price, golden-colored copper alloys, such as Cu−Zn 
alloys [1], Cu−Al alloys and Cu−Ni alloys [2−4] were 
developed, which have different K-gold color. Among 
those alloys, the golden-colored alloys with 24K-gold 
color are popular in consumers. In order to obtain 
24K-gold colored copper alloy, zinc element should be 
added. However, dezincification in brass may change the 
color of the imitation-gold alloy [5]. The novel 
imitation-gold alloy investigated has an excellent 
anti-tarnish property and a lower corrosion rate than 
currency coinage materials of H7211 alloy [6]. 

Hot deformation is a complex process with work 
hardening and softening. The understanding of hot 
deformation behaviors of metals is very important for the 
design of metal forming processes, such as hot-rolling 
and forging and extrusion. The hot deformation behavior 
of materials under processing is generally characterized 
by constitutive model and processing map. Many 
constitutive models have been proposed or modified to 
describe the strain rate, strain and temperature-dependent 

flow behavior of metals and alloys. The Arrhenius 
equation, as a typical phenomenological model, is widely 
used to illustrate the hot workability of many materials. 
LEI et al [7] revised the model to describe the flow 
behaviors of Cu−Ni−Si alloy by compensation of strain 
and strain rate. And a new constitutive equation coupling 
flow stress with strain, strain rate and deformation 
temperature was developed by XIAO et al [8] on the 
basis of the Arrhenius-type equation to investigate the 
hot workability of H62 brass, in which the Zener– 
Hollomon parameter was modified by considering the 
compensation of the strain rate. The processing map 
based on the dynamic material model (DMM) was first 
developed by PRASAD [9]. Actually, a processing map 
is plotted on the basis of the power dissipation map 
which represents the response of material to the applied 
strain rate at a constant temperature. A power dissipation 
map combined with an instability map is a processing 
map. 

Although the alloy has an excellent workability, it is 
necessary to study the hot deformation behavior to guide 
the hot-rolling process of the big ingot. And the 
researches on flow behavior and microstructure 
evolution of Cu−Zn alloy during the hot deformation are 
rare. In this work, the hot deformation behavior of the 
investigated alloy was characterized using the analysis of  
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stress—strain curves, constitutive equation and processing 
map at first. 
 
2 Experimental 
 

The chemical compositions of the investigated alloy 
are shown in Table 1. The alloy was prepared by 
induction melting and mold casting. The specimens with 
8 mm in diameter and 15 mm in height were cut from the 
cast alloy. The specimens were hot-compression 
deformed at the temperatures from 650  to 770 °C and 
the strain rates from 0.001 to 1 s−1 on the Gleeble−1500 
thermo-mechanical simulator. Before compression tests, 
the specimens were held for 2 min at testing 
temperatures. In order to reduce the friction coefficient 
during the hot compression, graphite powder was applied 
to contacting surfaces of specimens. After being 
deformed to a true stain of 1.2, all specimens were 
quenched into water to preserve the microstructures 
developed during hot compression, and the samples were 
cut along the longitudinal axis and mechanically polished, 
then, chemical etching. Microstructures were observed 
using a Leica DM ILM HC optical microscope. 

 
Table 1 Compositions of designed alloy (mass fraction, %) 

Cu Al Ni Me Re Zn 
74.2 0.8 0.5 0.3 0.1 Bal. 

Me: Sn+B; Re: Rare earth 
 
3 Results and discussion 
 
3.1 Microstructure of as-cast alloy 

The initial microstructure of the as-cast alloy 
investigated is shown in Fig. 1. It shows that the average 
grain size is about 500 μm. Dendrites are prominent in 
microstructure. 
 

 
Fig. 1 Initial microstructure of as-cast alloy at hot-compression 
tests 
 
3.2 Stress—strain curves 

Figure 2 shows the flow curves obtained from the 
hot-compression tests of the alloy under different 
deformation conditions. According to the flow curves, 

work hardening and dynamic restoration take place 
during the hot deformation and a balance was attained 
with the increase of strain. At high temperatures 
(710−770 °C) and low strain rates (0.001−0.01 s−1), the 
flow stress increases with strain up to a maximum value 
and then decreases until attaining a steady state. Such 
behaviors indicate that dynamic recrystallization (DRX) 
plays a main role in dynamic restoration process [10]. 
Under other conditions, the flow curves are neither 
typical dynamic recovery (DRV) or DRX. So, both of 
DRV and DRX take place in dynamic restoration process. 
In addition, peak and steady-state stresses are raised with 
increasing strain rate and decreasing temperature. 
 
3.3 Constitutive equation 

As well established in Ref. [11], an extended form 
of the hot working constitutive equation is expressed as 
 

p[sinh( )] exp( )n QA
RT

ε ασ −
=&                     (1) 

 
where ε&  is the strain rate; σp is the peak stress; Q is an 
activation energy; T is the thermodynamics temperature; 
A, α and n are constants independent of temperature. In 
order to obtain the values of A, n and Q, α should be 
calculated. 

Equation (1) can be expressed by the following 
equation [7]: 
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α=β/n1                                         (3) 
 

The value of α is calculated as 0.0069. 
To calculated Q, Eq. (1) can be expressed as 
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              (4)  
where n is the average slope of the line of ε&ln  versus 
ln[sinh(ασp)] plotted in Fig. 3(a) and S is the average 
slope of the line of ln[sinh(ασp)] versus 1/T plotted in Fig. 
3(b). The values of n and S are 6.650 and 4.5005, 
respectively. The average value of apparent activation 
energy (Q) for hot deformation is calculated as 249.60 
kJ/mol. 

The effects of the temperature and strain rate on the 
deformation behaviors can be represented by Zener− 
Hollomon parameter, Z [12−15]: 
 

pexp( ) [sinh( )]nQZ A
RT

ε ασ= =&                  (5) 
 

Taking the logarithm of both sides of Eq. (5) gives 
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pln ln ln[sinh( )]Z A n ασ= +                     (6) 
 

Figure 4 plots the logarithm of Zener−Hollomon 
parameter Z as a function of ln[sinh(ασp)]. The 
experimental data show a linear relationship with a slope 
of 6.665. The value of n is determined as 6.665. 

Taking the values of A, Q, n, α into Eq. (1), the flow 
stress constitutive equation for alloy can be described by 
the Arrhenius equation which is ameliorated by 
hyperbolic sine function and parameter Z. And the 
equation obtained is as follows:  

13 6.6655.101 10 [sinh(0.0069 )]ε σ= × ⋅&  
3exp[ 249.60 10 /( )]RT− ×                   (7) 

3.4 Processing map 
At a constant temperature, the instantaneous 

response (σ) of the workpiece material to the applied 
strain rate ( ε& ) for creating a large plastic strain is given 
by the dynamic constitutive equation [10,16]:  

m
T

Kσ ε= &                                  (8) 
 
where K and m are constants. The instantaneous total 
power P consists of two complementary functions G and 
J as [17]: G represents the power dissipation through 
plastic deformation, most of which converts into 
viscoplastic heats; J represents the power dissipation via 
microstructure transition, such as dynamic recovery, 

 
Fig. 2 True stress—true strain curves of 
alloy at different temperatures: (a) 650 
°C; (b) 680 °C; (c) 710 °C; (d) 740 °C; 
(e) 770 °C 
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Fig. 3 Curves of ε&ln —ln[sinh(ασ)] (a) and ln[sinh(ασ)]—
T−1(b) 
 

 
 
Fig. 4 Curve of lnZ—ln[sinh(ασp)]  
 
dynamic recrystallization, superplastic flow and phase 
transformations. During the hot deformation, P can be 
written as follows: 

  

 0  0
d dP G J

ε σ
σε σ ε ε σ= = + = +∫ ∫

&
& & &               (9) 

 
The dissipation of power between G and J is 

defined by a power partitioning factor which is known as 
the strain rate sensitivity of flow stress, m: 

d d d(ln ) lg
d d d(ln ) lg

J m
G

ε σ σ σ
σ ε ε ε

Δ
= = ≈ =

Δ
&

& & &
             (10) 

 
From Eqs. (9)−(11), one can get  

1
mJ

m
σε=

+
&                                (11) 

 
The value of J reaches its maximum (Jmax) when 

m=1, and the workpiece acts as a linear dissipater. The 
dimensionless efficiency of power dissipation, η, is 
written as  

max

/( 1) 2
/ 2 1

J m m m
J m

σεη
σε

+
= = =

+
&

&
                (12) 

 
Hence, η is an important parameter determining the 

extent of power dissipation due to the microstructural 
transition during the hot deformation. The power 
dissipation map of this alloy developed at a true strain of 
1.2 is shown in Fig. 5 in which the contour number 
represents the constant efficiency of power dissipation 
(η). 
 

 
Fig. 5 Power dissipation map for alloy obtained at true strain of 
1.2 
 

Developed by PRASAD [9], the stable flow is 
ensured when the following inequality is satisfied: 
 

ln[ /( 1)]( ) 0
ln

m m mξ ε
ε

∂ +
= + >

∂
&

&
                 (13) 

 
The variation of ξ with temperature and stain rate is 

plotted in an instability map, and the instability regions 
are characterized by negative ξ. 

The processing map of this alloy at the true strain of 
1.2 is shown in Fig. 6, where the shaded areas represent 
the instability regions while the white area represents the 
safe region. There are two instability regions in the 
processing map, which are located in the positions of top 
left corner (650−670 °C, 0.1−1 s−1) and top right corner 
(740−770 °C, 0.32−1 s−1). According to the viewpoints 
of PRASAD et al [17], the most favorable conditions for 
processing materials are those which provide the highest 
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J dissipated in the most efficient way (the highest η) and 
lie within the safe regions. From the processing map, it 
can be seen that the optimal processing conditions of this 
alloy are in zone I (650−680 °C, 0.001−0.01 s−1) and 
zone II (740−770 °C, 0.01−0.1 s−1) in Fig. 6 with the 
highest η of 0.36. For the metals with a low stacking 
fault energy, the maximum efficiency of power 
dissipation (η) for dynamic recrystallization is about 0.35 
[18]. 
 
3.5 Microstructures of deformed alloy samples 

Figure 7 shows the microstructures obtained from 
instability regions in the processing map. The grains are 
 

 
Fig. 6 Processing map for alloy obtained at true strain of 1.2 
 

  
Fig. 7 Microstructures of alloy samples deformed at true strain 
of 1.2 under different temperatures and strain rates: (a) 650 °C, 
1 s−1; (b) 770 °C, 1 s−1 

elongated and shear bands oriented about 45° with 
respect to the compression axis are found in Fig. 7(a). 
Shear bands and recrystallized grains can be observed in 
Fig. 7(b). 

Figure 8 shows the microstructures obtained   
from the different safe regions of the processing map. 
 

 
Fig. 8 Microstructures of alloy samples deformed at true strain 
of 1.2 under different temperatures and strain rates: (a) 710 °C, 
0.1 s−1; (b) 650 °C, 0.001 s−1; (c) 770 °C, 0.01 s−1; (d) 770 °C, 
0.001 s−1 
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Figure 8(a) shows the microstructure of the alloy 
deformed at 710 °C and 1 s−1 and the efficiency of power 
dissipation (η) is about 0.20 in this condition. The grains 
are elongated and recrystallized grains only exist in the 
grain boundary. Microstructures of specimens deformed 
at 650 °C, 0.001 s−1 and 770 °C, 0.01 s−1 are shown in 
Figs. 7(b) and (c), respectively, which represent the 
microstructures of the specimens deformed under the two 
favorable processing conditions with a peak efficiency of 
0.34. The recrystallization is predominant and the grains 
are uniform and fine. The microstructure of the specimen 
deformed at 770 °C and 0.001 s−1 is shown in Fig. 8(d). 
The grains in Fig. 8(d) are uniform and larger than those 
in Figs. 8(b) and (c). Twins are observed in Fig. 8(d) and 
twinning boundaries are straight, which illustrates that 
grain growth happens. According to the processing map 
in Fig. 6, the efficiency of power dissipation (η) is about 
0.20. This indicates that η decreases with grain growth. 
This regularity was also found in other alloys [19−21]. 
 
4 Conclusions 
 

1) There is a balance between work hardening and  
dynamic restoration process during hot deformation. 
DRV and limited DRX take place at low temperatures 
and high strain rates. DRX plays a main role in dynamic 
restoration process at high temperatures and low strain 
rates. 

2) The thermal activation energy is 249.60 kJ/mol 
and the flow stress constitutive equation is as 
ε& =5.101×1013[sinh(0.0069σ)]6.665exp[−249.60×103/(RT)]. 

3) According to the processing map established, the 
efficiency of power dissipation is influenced by 
deforming temperature and strain rate. Two optimal 
regions with a peak efficiency of 0.34 are 650−680 °C, 
0.001−0.01 s−1 and 740−770 °C, 0.01−0.1 s−1. 
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新型仿金铜合金的热变形行为 
 

朱安印 1，陈景林 1，李 周 1,2，罗利阳 1，雷 前 1，张 良 1，张 婉 1 

 
1. 中南大学 材料科学与工程学院，长沙 410083； 

2. 有色金属材料科学与工程教育部重点实验室，长沙 410083 

 
摘  要：在 Gleeble−1500 热模拟机上，采用等温热压缩实验，研究一种新型的仿金铜合金在变形温度 650~770 °C、

变形速率 0.001~1 s−1条件下的热加工行为。通过建立热加工本构方程得出热激活能为 249.60 kJ/mol。通过建立合

金在真应变 1.2 下的加工图，得出 650~680 °C、0.001~0.01 s−1 和 740~770 °C、0.01~0.1 s−1是合金热加工的最佳工

艺条件。通过金相显微镜观察合金在热压缩过程中的组织变化、再结晶组织和孪晶组织。 

关键词：仿金合金；热压缩；本构方程；加工图 
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