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Abstract: The flow behavior of a new kind of high-strength nickel brass used as automobile
synchronizer rings was investigated by hot compression tests with a Gleeble-3500 isothermal
simulator at strain rates ranging from 0.01 to 10 s−1 and a wide deformation temperature range
of 873–1073K at intervals of 50 K. The experimental results show that flow stress increases with
increasing strain rate and decreasing deformation temperature, and discontinuous yielding appeared
in the flow stress curves at higher strain rates. A modified Arrhenius constitutive model considering
the compensation of strain was established to describe the flow behavior of this alloy. A processing
map was also constructed with strain of 0.3, 0.6, and 0.9 based on the obtained experimental flow
stress–strain data. In addition, the optical microstructure evolution and its connection with the
processing map of compressed specimens are discussed. The predominant deformation mechanism
of Cu-Ni-Al brass is dynamic recovery when the deformation temperature is lower than 973 K and
dynamic recrystallization when the deformation temperature is higher than 973 K according to optical
observation. The processing map provides the optimal hot working temperature and strain rate,
which is beneficial in choosing technical parameters for this high-strength alloy.
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1. Introduction

Hot deformation is a complex plastic deformation processing method and can be affected by many
factors, such as strain rate, deformation and microstructure. In the automobile industry, especially
in the manufacturing of components, high wear resistance is essential. High-strength brass is often
chosen as a component material because of its good strength, toughness, and corrosion resistance and
remarkable wear resistance. High-strength brass contains an α + β or β phase which may contain
some conditional elements, such as nickel, aluminum, iron, and silicon. These additions enhance the
strength property due to solute strengthening, precipitation strengthening, and grain refinement [1,2].
In the case of nickel brass, used to fabricate synchronizer ring gears, it has a narrow deformation
temperature range in which it deforms and a fragile temperature interval, which may lead to defects in
the final component after deformation. Thus, a comprehensive study on hot compression behavior
and workability is required to successfully obtain qualified products without any deformation defects.

A constitutive equation has been widely employed to describe the flow behavior of all kinds
of metals, and has also been applied to the finite element method for simulating deformation
processes. As a result, an accurate constitutive model is important for feasible numerical simulation.

Metals 2020, 10, 782; doi:10.3390/met10060782 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0002-4981-5361
https://orcid.org/0000-0003-0345-6356
https://orcid.org/0000-0003-4486-6386
http://dx.doi.org/10.3390/met10060782
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/6/782?type=check_update&version=2


Metals 2020, 10, 782 2 of 18

Many researchers have established constitutive models for high-strength brass [3–6], but there have
been few reports on nickel brass. The Arrhenius model and modified Arrhenius model [7,8] have been
extensively adopted in metals and alloys for their excellent accuracy. Therefore, the modified Arrhenius
model considering the compensation of strain is employed to establish the constitutive model of
Cu-Ni-Al brass. Though the constitutive model can describe flow behavior and perform finite element
simulation during hot deformation, it lacks microstructure features to show its workability, which
means that nickel brass lacks sufficient workability information when subjected to hot deformation
processes. At present, the hot processing map is widely used to measure workability and has become
a useful method for optimizing the hot deformation parameters for metals to obtain the safe and
advisable regions for hot deformation processes. As yet, the processing map has been widely employed
for various metals, such as magnesium alloys [9–14], aluminum alloys [15,16], titanium alloys [17–21],
superalloys [22–24], steel [25–28], high entropy alloys [29,30], and copper alloys [31]. However, little
research has reported on the hot deformation behavior and processing map of the Cu-Ni-Al brass alloy
which is used to fabricate synchronizer rings. In addition, coarsening of the dynamic recrystallization
grains and inhomogeneous microstructure are universal problems in the Cu-Ni-Al nickel brass alloy
after the hot deformation process, but most practical production only focuses on the final shape of the
products rather than its forming mechanism.

As a result, this new nickel brass material is essential and there is very little research concentrating
on it. Therefore, in this study, hot flow behavior at the strain rates of 0.01, 0.1, 1, and 10 s−1 and
deformation temperature ranging from 873 to 1073 K at intervals of 50 K were investigated by a
Gleeble-3500 simulator, and microstructure features were also observed. The constitutive model and
processing map of Cu-Ni-Al nickel brass were constructed based on the experimental data to help
describe flow behavior and choose suitable hot deformation parameters. Furthermore, the combination
of the constitutive model, processing map, and microstructure evolution was applied to establish
guidelines for optimizing parameters and techniques during hot deformation processes.

2. Materials and Methods

The material used in the tests was an extruded nickel brass alloy cylinder, offered by Luzhou
Long River Mechanical Company Ltd., Luzhou, China. The chemical composition and microstructure
of the material are shown in Table 1 and Figure 1, respectively. The crystal structure of this brass
is body-centered cubic (bcc), and the phase is a β-phase matrix with granular hard-strengthening
particles. The specimens were prepared as cylinders with a radius of 8mm and a height of 12 mm for
hot compression tests. The tests were carried out on an isothermal simulator (Gleeble-3500, Dynamic
Systems Inc., New York, NY, USA) with strain rates of 0.01, 0.1, 1, and 10 s−1 and deformation
temperatures ranging from 873 to 1073 K at intervals of 50 K. The prepared specimens were heated to
experimental temperatures at a heating rate of 5 K·s−1 and held for 3 min to ensure uniform temperature
distribution. Then hot compression tests were conducted with a 60% reduction in height, meaning that
the total true strain of each specimen was 0.9. A graphite lubricant was used to reduce friction between
the interface of specimen ends and the experimental apparatus during the compression process.
Finally, the true stress and true strain curves were obtained automatically by a computer-equipped
monitor. After the tests, the specimens were quenched in room-temperature water to keep their hot
forming microstructure.

The compressed specimens were cut along the compression axis by a wire electrical discharge
machine (BMG-640X, Treasure Marge Precision Machinery Ltd., Suzhou, China) for subsequent
microstructure observations. The sections were grinded, polished, and etched in a corrosive solution
of 15 mL HNO3 + 21 mL CH3COOH + 14 mL distilled water for 10 s. The optical microstructure
of the center sections was examined by an optical metallographic microscope (Leica DM ILM, Leica
Microsystems Inc., Wetzlar, Germany).
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Table 1. Chemical composition of Cu-Ni-Al nickel brass alloy (mass fraction, %)

Elements Cu Ni Al Si Fe Zn

Mass fraction (wt.%) 54~56 6~7.3 3~4.3 2~2.5 0.5~1 Rest
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strain rate is increased from 0.01 to 10 s−1, which also indicates that Cu-Ni-Al nickel brass is a 
deformation temperature- and strain rate-sensitive material. This is because these processes reduce 
the movements of dislocation: the migration of grain boundaries is limited by lower deformation 
temperatures and there is not enough time for dynamic softening (dynamic recovery and dynamic 
recrystallization) at higher strain rates. On one hand, the obstructions of dislocation motion and 
crystal slip become easy due to the increased average kinetic energy of atoms at relatively high 
deformation temperatures [32]. On the other hand, higher temperatures promote the mobility at 
grain boundaries, which results in dislocation attenuation and the nucleation and growth of 
dynamically recrystallized grains [33]. In Figure 2, the curves with lower strain rate (≤1 s−1) undergo 
high stress, then increase slowly or keep relatively steady along with increasing strain, which 
means that work hardening dominates compared with the dynamic softening mechanism, 
especially at lower deformation temperatures. At the same strain rate, true stress decreases with 
increasing deformation temperature because the atomic kinetic energy and atomic vibration 
amplitude of material increase at high deformation temperatures, which improves the coordination 
of grains and eventually leads to increasing plasticity and decreasing strength. At the same 
deformation temperature, true stress increases with increasing strain rate because there is not 
enough time for softening and work hardening is the main deformation mechanism. When the 
strain rate is 10 s−1, as shown in Figure 2d, the true stress curves rapidly reach a peak with a value 
that is initially like that of the other curves, suddenly decreases visibly, then increases, and 
eventually stays steady, which means that work hardening and softening are dynamically balanced. 
This phenomenon at the small strain stage indicates discontinuous dynamic recrystallization under 
the conditions of a high strain rate. The value of true stress ranges from 0 to 90 MPa which indicates 
that this material is very soft at temperatures of 873 to 1073 K. 

Figure 1. (a) Cu-Ni-Al nickel brass cylinders. (b) The microstructure of Cu-Ni-Al nickel brass before
hot compression tests.

3. Results and Discussion

3.1. True Stress and True Strain Curves

The true stress–true strain curves of Cu-Ni-Al nickel brass obtained from compression tests
are presented in Figure 2. It can be seen that the deformation temperature and strain rate have
important effects on true flow stress under all deformation conditions. The curves clearly show that
true stress increases when the deformation temperature is decreased from 1073 to 873 K or the strain
rate is increased from 0.01 to 10 s−1, which also indicates that Cu-Ni-Al nickel brass is a deformation
temperature- and strain rate-sensitive material. This is because these processes reduce the movements
of dislocation: the migration of grain boundaries is limited by lower deformation temperatures and
there is not enough time for dynamic softening (dynamic recovery and dynamic recrystallization) at
higher strain rates. On one hand, the obstructions of dislocation motion and crystal slip become easy
due to the increased average kinetic energy of atoms at relatively high deformation temperatures [32].
On the other hand, higher temperatures promote the mobility at grain boundaries, which results
in dislocation attenuation and the nucleation and growth of dynamically recrystallized grains [33].
In Figure 2, the curves with lower strain rate (≤1 s−1) undergo high stress, then increase slowly or keep
relatively steady along with increasing strain, which means that work hardening dominates compared
with the dynamic softening mechanism, especially at lower deformation temperatures. At the same
strain rate, true stress decreases with increasing deformation temperature because the atomic kinetic
energy and atomic vibration amplitude of material increase at high deformation temperatures, which
improves the coordination of grains and eventually leads to increasing plasticity and decreasing
strength. At the same deformation temperature, true stress increases with increasing strain rate because
there is not enough time for softening and work hardening is the main deformation mechanism.
When the strain rate is 10 s−1, as shown in Figure 2d, the true stress curves rapidly reach a peak
with a value that is initially like that of the other curves, suddenly decreases visibly, then increases,
and eventually stays steady, which means that work hardening and softening are dynamically balanced.
This phenomenon at the small strain stage indicates discontinuous dynamic recrystallization under the
conditions of a high strain rate. The value of true stress ranges from 0 to 90 MPa which indicates that
this material is very soft at temperatures of 873 to 1073 K.
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Figure 2. True stress–strain curves of Cu-Ni-Al brass alloy under different strain rates, (a) 0.01 s−1, (b) 
0.1 s−1, (c) 1 s−1, (d) 10 s−1. 
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3.2. Arrhenius Model

To better understand the relationship between true stress and some deformation parameters
during hot compression tests, such as strain rate, temperature, strain, etc., the Zener–Hollomon model
(Arrhenius model) [34] was adopted. The model is usually presented as the following equations:

.
ε = AF(σ) exp(−Q/RT) (1)

F(σ) = A1σ
n1 for ασ < 0.8 (2)

F(σ) = A2 exp(βσ) for ασ > 1.2 (3)

F(σ) = A[sinh(ασ)]n for all ασ (4)

Among the above equations, ε is strain rate (s−1) and σ is characteristic flow stress (MPa), where
peak stress is used to build a model. T is absolute temperature (K). Q is deformation activation energy
(KJ·mol−1). R is the gas constant (8.314 J·mol−1

·K−1). A, A1, A2, n, n1, α and β are material constants
that have no relationship with temperature, where α = β/n1. Substituting the above Equations (2)–(4)
into Equations (5)–(7) and taking the natural logarithm results in:

ln
.
ε = ln A1 + n1 ln σ−

( Q
RT

)
(5)

ln
.
ε = ln A2 + βσ−

( Q
RT

)
(6)

ln
.
ε = ln A + n ln(sinh(ασ)) −

( Q
RT

)
(7)
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According to Equations (5) and (6), the values of n1 and βcan be determined to be 4.35852 and 0.13252
by calculating the average slopes of the linear fitted lines of the ln

.
ε− lnσp and ln

.
ε− σp curves plotted on

Figure 3a,b. The value of αcan be calculated to be 0.030405 MPa−1 from the determined n1 and β.
Equations (8)–(9) can be transformed according to Equation (7), and ln

.
ε− ln

(
sinh

(
ασp

))
has a linear

relationship with ln
.
ε and 1000/T in each equation, respectively. Therefore, the deformation activation

energy Q is determined by the linear fitting lines of the ln
.
ε− ln

(
sinh

(
ασp

))
and ln

(
sinh

(
ασp

))
−1000T−1

curves, as shown in Figure 3c,d. The constants n and S are the slopes of these two curves, and the average
values of n and S are 3.16684 and 4.846375, respectively. Q is determined by the ln

.
ε− ln

(
sinh

(
ασp

))
and

ln
(
sinh

(
ασp

))
−1000T−1 curves, and its calculated value is 127.6 KJ·mol−1. Additionally, much research

has shown that high activation energy is generally attributed to dynamic recovery (DRV) and dynamic
recrystallization (DRX). Thus, the dominant mechanism here is dynamic recrystallization (DRX) due
to the low activation energy Q. lnA-Q/RT is the intercept of the ln

.
ε− ln

(
sinh

(
ασp

))
curve, as shown

in Figure 3c, which can be calculated from the fitting curve of ln
.
ε− ln

(
sinh

(
ασp

))
: its average value

is 1,616,711.73.

n =
∂ ln

.
ε

∂ ln[sinh(ασ)]

∣∣∣∣∣∣
T

(8)

Q = Rn
∂ ln[sinh(ασ)]

∂(1/T)

∣∣∣∣∣∣ .
ε

= RnS (9)

As a result, the constitutive model based on peak value at all experimental deformation conditions
was constructed below; the equation was given as:

.
ε= 1616711.73sinh(0.030405σp)

3.16684 exp(−127600.73/RT) (10)
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The Arrhenius model based on peak stress is not exhaustive for describing the hot deformation
behavior of Cu-Ni-Al nickel brass under other levels of strain; therefore, Lin [35,36] modified the
Arrhenius model and adopted strain as a parameter of Arrhenius model. Zener and Hollomon [34]
proposed a relationship between deformation temperature and strain rate, expressed as:

Z =
.
ε exp(Q/RT) (11)

By connecting Equations (1)–(4) and (11), a modified Arrhenius model was constructed, considering
different strain ranges from 0.05 to 0.85 with an interval of 0.05 to describe the flow behavior of the
Ni-Cu-Al nickel brass alloy at other levels of strain. Material constants, such as α, n, Q and lnA,
are related to strain, as shown in Figure 4.
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The calculation results indicate that the material constants vary with strain, and that the constitutive
model equation for each amount of strain is independent. Therefore, to make this Arrhenius-type
constitutive model applicable to other levels of strain, the eighth-order polynomial regression method
was used to obtain the relationship between strain and these material constants. The relation between
these parameters and strain is given by Equation (12) and the determination coefficients are in
Table 2. Finally, a modified Arrhenius-type constitutive model was constructed using an introduced Z
parameter, and is given by Equation (13).

α(ε) = B0 + B1ε+ B2ε2 + B3ε3 + B4ε4 + B5ε5 + B6ε6 + B7ε7 + B8ε8

n(ε) = C0 + C1ε+ C2ε2 + C3ε3 + C4ε4 + C5ε5 + C6ε6 + C7ε7 + C8ε8

Q(ε) = D0 + D1ε+ D2ε2 + D3ε3 + D4ε4 + D5ε5 + D6ε6 + D7ε7 + D8ε8

ln A(ε) = E0 + E1ε+ E2ε2 + E3ε3 + E4ε4 + E5ε5 + E6ε6 + E7ε7 + E8ε8

(12)
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σ =
1

α(ε)
ln

(Z/A(ε))
1

n(ε) +
[
(Z/A(ε))

2
n(ε) + 1

] 1
2

 (13)

where Z =
.
ε exp[Q(ε)/RT].

Table 2. The coefficients of the eighth-order polynomial functions.

α Value n Value Q Value lnA Value

B0 0.03728 C0 2.92090 D0 123.98543 E0 13.94705
B1 0.07507 C1 1.20573 D1 669.68819 E1 75.97630
B2 −1.48702 C2 −29.70380 D2 −9346.20325 E2 −1031.15598
B3 11.32611 C3 253.75623 D3 62,537.37801 E3 6797.12177
B4 −43.91601 C4 −1012.34798 D4 −224,395.85636 E4 −24,157.72629
B5 95.56359 C5 2187.15643 D5 459,440.69083 E5 49,073.23415
B6 −118.39965 C6 −2644.25515 D6 −539,568.91491 E6 −57,213.34877
B7 78.04056 C7 1687.53405 D7 338,812.43677 E7 35,676.65667
B8 −21.24861 C8 −443.12339 D8 −88,246.43448 E8 −9230.40473

Figure 5 shows the comparison between the experimental values and predicted values using this
modified equation. The average absolute relative error (AARE), employed to quantitatively describe
the accuracy of the modified constitutive model, is 6.35%, and the root mean squared error (RMSE) is
2.71 MPa, meaning that this modified constitutive model considering strain compensation has a good
correlation capability.Metals 2020, 10, 782 8 of 18 
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3.3. Processing Map

3.3.1. The Principle of the Processing Map

The processing map was constructed based on the dynamic material model (DMM) to analyze the
intrinsic workability of various alloys. In DMM theory, the power dissipation (P) of materials during
hot deformation contains two parts: (1) part G which results in heat generation during deformation;
(2) part J which leads to microstructural changes. Each part can be represented in terms of flow stress,
strain, and strain rate. In the dynamic material model, the total input power (P) of the system is given
by the below Equation (14) [37,38]:

P = σ
.
ε = G + J =

∫ .
ε

0
σd

.
ε+

∫ σ

0

.
εdσ (14)

where G represents dissipation by plastic work, J represents dissipation by microstructure evolution,
σ is flow stress and

.
ε is strain rate. The proportion of G and J during the hot forming process is defined

by strain rate sensitivity (m), and m is given by:

m =
∂J
∂G

=

.
ε∂σ

σ∂
.
ε
=
∂(ln σ)

∂(ln
.
ε)

(15)

To describe power dissipation conditions during the hot forming process quantitatively, the power
dissipation coefficient η is used, and different values of η may imply different forming mechanisms.
η is defined by:

η =
J

Jmax
=

2m
m + 1

(16)

where the ideal linear dissipation unit m = 1 and the maximum value of J is Jmax.
The 3D change maps of strain rate sensitivity m and power dissipation coefficient η are graphics

constituted of curves with the same values under a specific strain. Generally, a higher η-value indicates
good workability, but this is not absolute. Flow instabilities that also have a high η-value, such as
adiabatic shear bands and small cracks, should be considered and avoided. According to the principle
of maximum entropy production rate, Prasad [37,39] created a principle to determine whether the
material has workability or not based on DMM theory. The principle is given by:

ξ
( .
ε
)
=
∂ ln

(
m

m+1

)
∂ ln

.
ε

+ m < 0 (17)

where the instability parameter ξ
( .
ε
)

is a function of deformation temperature, strain rate, and strain,
because m is related to deformation temperature and strain rate at a specific strain value. Generally,
when strain is given, the first step is to find the true stress at all conditions, and then m and ξ

( .
ε
)

can be calculated and the instability map can be obtained by drawing the contour map of ξ
( .
ε
)

versus deformation temperature T and ln
.
ε. For this principle, when the value of ξ

( .
ε
)

is negative,
the material under the corresponding conditions will be unstable and may lead to instabilities such
as flow localization and adiabatic shear bands, etc., which may cause the failure of final components.
Therefore, the construction of the processing map demonstrating materials’ workability is significant
for deformation processes.

3.3.2. Construction of Processing Map

In order to establish the processing map, true stress at the strain levels of 0.3, 0.6, and 0.9 under all
deformation conditions was obtained from the true stress–true strain curves. Flow stress increased
rapidly at the initial stage, then the curves increased slightly or stayed steady with increasing strain;
this phenomenon indicates that the work hardening and dynamic softening mechanisms both appeared
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during the hot deformation process, and that dynamic softening gradually becomes the dominant
mechanism, especially in the stable flow curves. The obtained data enable the plotting of curves
showing ln σ versus ln

.
ε using polynomial fitting. According to the cubic spline polynomial function

in Equation (18), the cubic spline curves for ln σ versus ln
.
ε are obtained, as shown in Figure 6.

Subsequently, taking the partial derivative of Equation (18), the strain rate sensitivity coefficient m can
be appropriately expressed by Equation (19).

ln σ = a + b(ln
.
ε) + c(ln

.
ε)

2
+ d(ln

.
ε)

3 (18)

m =
∂(ln σ)

∂(ln
.
ε)

∣∣∣∣∣∣
ε,T

= b + 2c(ln
.
ε) + 3d(ln

.
ε)

2 (19)
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After making cubic spline curves of ln σ versus ln
.
ε, the polynomial coefficients a, b, c and d can

be obtained by fitting, and so the values of the partial derivative m under all experimental deformation
conditions can be calculated using Equation (19). The fluctuation in m reflects internal microstructure
evolution during the hot deformation process; it is an important index for describing superplastic
deformation behaviors. High strain rate sensitivity is more likely to obtain good plasticity properties
and low strain rate sensitivity may imply the formation of defects inside the material [40]. Figure 7
is the 3D change map of the strain rate sensitivity m at different strains. It can be seen that m is
increased with increasing deformation temperature and decreasing strain rate, in general. This is
because variation in m is related to the non-basal slip mechanism [20]. The critical stress of non-basal
slip is moderate when the deformation temperature is higher; at the same time, at lower strain rates,
enough time enables non-basal slip to become the dominant forming mechanism and raise the power
dissipation from microstructure evolution, which leads to higher values of m at both high deformation
temperatures and low strain rates. Furthermore, strain is a significant factor for m, as the value of m is
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increased with increasing strain. In Figure 7, the m-values of nickel brass range from 0 to 0.33; the area
filled by warm colors such as red corresponds to high m-values and the area filled by cold colors such
as blue corresponds to low m-values. Specifically, the m-value of the Ni-Cu-Al nickel brass alloy is
approximately 0 for high strain rates with high deformation temperatures, and a maximum value of
about 0.33 for low strain rates with high deformation temperatures. Furthermore, the peak m-value at
strain of 0.3 is higher than at 0.6 and 0.9, and the m-value at strain of 0.3 is mostly also higher than at
strain of 0.6 and 0.9 under the same deformation conditions. Moreover, the high m-value area at strain
of 0.9 is larger than at strain of 0.3 and 0.6, and the area of high m-value is increased with increasing
strain, which also confirms that strain has an effect on microstructure evolution.
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It is known that the power dissipation coefficient η describes the relative rate of internal entropy
produced during the hot deformation process. According to the m-values, the power dissipation
coefficient η can be calculated using Equation (16) and so the contour maps of the power dissipation
coefficient η were constructed using an interpolation method based on a series of limited values of η at
strain levels of 0.3, 0.6, and 0.9. As presented in Figure 8, the power dissipation coefficient η tends to
increase with increasing deformation temperatures and decreasing strain rate, and the η-values range
from 0.06 to 0.49. The regions colored in red, orange and yellow, associated with η > 0.4, represent
the best conditions for hot deformation, which are at 0.01–1s-1 with deformation temperatures from
990 to 1073 K and at 0.8–10 s−1 with deformation temperatures from 900 to 1010 K at strain of 0.3.
With increasing strain, the η-values decrease, and the best conditions for hot deformation associated
with η > 0.4 are in the region of 0.02–1 s−1 along with deformation temperatures from 1000 to 1073 K
at strain of 0.9, and the area of best hot deformation is smaller than at the strain levels of 0.3 and 0.6,
which shows that the area associated with η > 0.4 shrinks with increasing strain. In addition, η changes
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significantly at about 950 K: η decreases from 873 to 923 K and then increases. This phenomenon may
due to the brittle hot working region of brass. Simultaneously, the power dissipation coefficient η is also
related to dynamic recovery and dynamic recrystallization, but there is only a dynamic recrystallization
mechanism for brass due to its low stacking fault energy.
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The map of the instability parameter ξ
( .
ε
)

calculated by Equation (17) is plotted in Figure 9.
The colored region (black and gray) shows that the billets deformed under the corresponding
deformation conditions are unstable according to the criteria. It can be shown that the values of ξ

( .
ε
)

at
strain of 0.3 are all positive which means that the material can deform without any defects at strain of
0.3. With increasing strain, negative values of ξ

( .
ε
)

begin to appear in the region of high strain rate

with high temperatures. At strain of 0.9, the colored area with ξ
( .
ε
)

< 0 becomes larger than at strain
of 0.3 and 0.6. Therefore, the region of instability is larger with increasing strain; this also explains
why some complex components need several processes to be shaped as designed, especially for those
components that are too difficult to be filled by only one process. As a result, the appearance of this
region of instability indicates that this region is prone to the occurrence of defects, so hot deformation
in this region should be avoided.
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The processing map was adopted to analyze microstructure features. The processing map consists
of strain rate sensitivity m (blue line) and power dissipation coefficient η (red line), and the workability
principle has been constructed as shown in Figure 10 at the strain levels of 0.3, 0.6, and 0.9, which was
also used to confirm the microstructure characteristics after deformation compared with the theoretical
calculations. The grey region of the map means that the corresponding deformation condition may
lead to defects, and the other region of the map means that the material under the corresponding
deformation temperature and strain rate is safe to deform without defects. There are regions framed by
a green box, which means that they are not instability regions. Figure 10a shows that all deformation
conditions are stable for deforming; with increasing strain, the instability region is expanded. The safe
region at strain of 0.9 is DOM#1 while the deformation temperature is 873–1073 K with strain of
0.01–0.85 s−1, and DOM#2 while the deformation temperature is 955–983 K with strain of 0.85–10 s−1.
The power dissipation coefficient and strain rate sensitivity are also important elements to consider
and they are discussed below.
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3.4. Microstructure Observations

Microstructure is significantly affected by strain rate sensitivity and the power dissipation
coefficient, which means that it has a connection with strain, strain rate, and deformation temperature.
Therefore, the microstructure of compressive specimens was observed by an optical microscope
(OM) to evaluate and identify the processing map constructed above. The OM images of deformed
specimens are shown in Figures 11 and 12: the gray hard particles are distributed evenly on the
Ni-Cu-Al brass β-phase base. Figure 11a–d shows the microstructure after deformation in the safe
working region, while Figure 12a–d shows the microstructure after deformation in the instability region.
Figure 11a,b,d shows the strain rate of 0.1 s−1. In Figure 11a, the corresponding m and η are 0.22 and
0.34, respectively, and the unchanged microstructure at deformation temperature of 873 K compared
with the original microstructure indicates that dynamic recovery is the dominant forming mechanism
during hot deformation. In Figure 11b, at the deformation temperature of 973 K, the corresponding m
and η are 0.20 and 0.36, the microstructure has slightly changed compared with the original sample’s
microstructure because of heating and deformation, and some small recrystallization grains have
appeared around hard particles. With increasing strain rate, these recrystallization grains appear more
and the grain boundaries are more manifest than at the strain rate of 0.1 s−1, as shown in Figure 11c.
In Figure 11d, at the deformation temperature of 1073 K, the microstructure is different compared
with the original sample due to heating at high temperature and deformation, the grain boundary
becomes vague, and dislocation cells are clear to distinguish, which also means that it is possible that
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the deformation mechanism is dynamic recrystallization (DRX) because more energy has been used in
the microstructure evolution, with a higher power dissipation coefficient (η = 0.47).
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Figure 11. OM images of Cu-Ni-Al brass at safe region after deformation. Abbreviations: OM,
optical microscope.

In Figure 12, the corresponding deformation conditions in the optical microstructure pictures are
possibly unstable for deformation and some instability microdefects have appeared, such as mixed
crystal and flow localization. Figure 12a,c,d shows the microstructure at the strain rate of 10 s−1 and
different deformation temperatures. In Figure 12a, at the deformation temperature of 873 K, it is visible
that flow localization has occurred with a power dissipation coefficient η of 0.19, and hard particles
have assembled due to deformation. In Figure 12c,d, with increasing temperature, the microstructure
changes a lot, the grains grow with heating, the corresponding power dissipation η is 0.19 and 0.13,
respectively, and higher strain rates lead to flow localization due to the short deformation time.
In Figure 11b, mixed crystal appears because of the high temperature and high strain rate. It can
be concluded that, at the conditions of low m-value (<0.16) and low η-value (<0.24), the risk of the
occurrence of micro deformation defects is high and these two values can be employed as a criterion
for choosing proper working technique parameters.
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4. Conclusions

A series of compression tests were conducted on a Gleeble-3500 isothermal simulator, and true
stress–true strain curves were obtained at temperatures ranging from 873–1073 K and strain rates of
0.01, 0.1, 1, and 10 s−1. The conclusions of this paper are as follows:

(1) The true stress of the Cu-Ni-Al brass alloy increases with decreasing deformation temperature
and increasing strain rate.

(2) The Arrhenius constitutive model of Cu-Ni-Al brass considering compensation for strain has
been established based on experimental data; the material constants α, n, Q and lnA in the constitutive
equation are functions of strain. In addition, the predictive evaluation index AARE is 6.35%, and this
can be used to describe the flow behavior of Cu-Ni-Al brass effectively.

(3) Processing maps were constructed to identify which deformation conditions are safe for
deformation. The results show that the safe region for deformation at the strain rate of 0.9 is
deformation temperatures of 873–1073K with strain of 0.01–0.85 s−1, and deformation temperatures of
955–983 K with strain of 0.85–10 s−1.

(4) The microstructure observations show that the main softening mechanisms are dynamic
recovery and dynamic recrystallization. The phenomenon of dynamic recrystallization with newly
refined grains occurs when the deformation temperature is higher than 973 K. Finally, the main instability
microdefects are mixed crystals and flow localization, which should be avoided in physical production.
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Nomenclature

Symbol/Acronym Full Name Symbol/Acronym Full Name

OM Optical microscope σ Flow stress (MPa)

DMM Dynamic material model
.
ε Strain rate (s−1)

β Brass beta-phase (bcc) ε True strain

R
Gas constant

(8.314 J.mol-1.K-1)
A, A1, A2, n, n1, α, β, S Material constants

T
Deformation

temperature (K)
Q

Deformation activation
energy (KJ·mol−1)

P Power dissipation G Heat generation

J Microstructural changes ξ
( .
ε
)

Instability parameter

m
Strain rate

sensitivity index
η Power dissipation index
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