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The hot workability and deformation behaviour of Cu-Zn-Al-Ni based shape memory alloy (SMA) was investi-
gated. The alloy was isothermal compression tested at temperatures of 250-550 °C, strain rates of 0.1-5 s, and
a constant total strain of 0.5, using a thermomechanical Gleeble-3500 simulator. The results show that positive
strain rate sensitivity characterized the plastic flow behaviour of the SMA. The hyperbolic-sine constitutive
equation - determined activation energy for the hot deformation of Cu-Zn-Al-Ni SMA (154.34 kJ/mol) is about
24 % lower than the activation energy for self-diffusion of copper, and that of the stress exponent value (n) which
was less than 5, both point to dynamic recrystallization to be the dominant dynamic softening mechanism.
Furthermore, the processing map indicated that flow instability occurs in the low temperature and strain rate
regions (250 - 350 °C, 0.1 - 55 1) with characteristic shear bands, dendritic structures, and micro-cracks in their
microstructure. The temperature of 550 °C and strain rates of between 0.1 and 2.5 s~!, was established to be the
optimal condition for hot deformation of the alloy. These conditions result in stable flow with microstructures

consisting of fine dynamically recrystallized grains.

1. Introduction

Shape Memory Alloys (SMAs) are a unique class of intelligent ma-
terials that exhibit the capacity to regain their original structure
following significant strain in response to mechanical force - super-
elasticity (SE) or thermal effects - shape memory effect (SME) [1]. The
thermomechanical responsive character of SMAs is on account of the
martensitic transformation which they undergo at definite temperatures
[2]. Owing to these unique properties, SMAs have been utilized in ma-
rine, civil and structural, aerospace, medical, sensing, robotic systems,
automobiles, and industrial applications [3-5].

Ni-Ti SMA products dominate the SMA market at present but the Cu-
based SMAs have been projected to grow at a faster rate of 8.3 % in terms
of compound annual growth rate [6]. Many researchers have acknowl-
edged the prominence of Cu-based SMAs and envisaged them to replace

NiTi SMAs in many applications on account of their good combination of
mechanical and electrical properties as well as their cost-effectiveness
[7]. These Cu-based SMAs are amenable to conventional casting pro-
cedures and have been widely reported to exhibit a moderate strain
recovery of approximately 5 % (3 % less than NiTiSMA), which is
acceptable for a large pool of shape memory applications [8]. They also
have superior thermal conductivity (83 W/m-K) and electrical resistivity
properties (2.8 x 1074 Q/mm) compared to 28 W/(m-K) and 8.3 x 1074
Q/mm obtained for NiTi SMAs [9]. Consequently, Cu-based SMAs are
now preferred for utilization in electrical and thermo-responsive in-
dustrial and high-temperature applications such as in thermal actuators
and sensors [10].

These Cu-based SMAs have some processing and functional limita-
tions that have undermined their potential and impaired the expansion
of their practical utilization [11]. These limitations which harm
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thermomechanical responsiveness and service reliability are related to
their coarse and ordered structures which make them susceptible to
cracking during forming and processing [12]. Another major drawback
of Cu-based SMAs is the deterioration of their functional properties
(especially the shape memory effect) due to spontaneous
time-dependent structural changes caused by the phenomena of
martensite stabilization [11]. Efforts have been made to resolve these
constraints through several approaches, including alloy design,
thermo-mechanical processing, and heat treatment [13].

Hot deformation is very important in materials design as it serves as a
valuable process of developing finished products from cast ingots [14].
In hot deformation processing, the process parameters (deformation
temperature, strain rate, and strain) play a major role in achieving
high-quality products in terms of microstructures and materials prop-
erties [15]. Studies have shown that microstructural evolution during
hot deformation is largely dependent on factors such as work hardening
rates, deformation mechanisms, dynamic softening phenomena, and the
critical stress needed for dynamic recrystallization (DRX) [16]. There is
currently, limited understanding of the hot deformation characteristics
of SMAs, which is responsible for the limited commercial and industrial
adoption of hot deformation processes for SMA product design [1,17].
To develop Cu-Zn-Al-Ni SMAs with a high-performance index, there is a
need to understand their hot deformation behaviour, which is vital for
establishing the best hot working conditions to achieve optimized mi-
crostructures for products developed using SMAs. Thus, the objective of
this investigation is to study the hot deformation behaviour and work-
ability of Cu-Zn-Al-Ni SMAs and predict the safe zone and parameters for
optimal processing.

2. Experimental process
2.1. Alloy design and production

Samples of Cu-Zn-Al SMAs modified with nickel were produced using
copper pellets (purity 99.9 wt%), zinc billets (purity 99.8 wt%),
Aluminum granules (purity 99.8 wt%), and nickel powder (purity 99.2
wt%). By following charge calculations, the starting materials were
weighed, charged in a crucible furnace, melted, and cast in pre-heated
stainless-steel molds. After the casting process, the ingot was removed
from the mold and the specimen for microstructural characterization
and thermo-mechanical tests were produced by the machining process.
The chemical analysis of the SMA produced is presented in Table 1.

2.2. Thermo-mechanical processing

Specimens having a dimension of @8 x 12 mm were used for the
isothermal hot compression test conducted at temperatures of 250 °C,
350°C, 450 °C, and 550 °C, strain rates of 0.1 s_l, 1.0 s_l, and 5.0 s_l, to
a final strain of 0.5, utilizing a Gleeble 3500 thermo-mechanical simu-
lator. Before each test, the center of the specimen is wrapped with a
chromel-alumel thermocouple and heated at 5 °C/s to the deformation
temperatures, and soaked isothermally for 180 s to ensure thermal ho-
mogenization of the specimen. Graphite foil and nickel paste were
applied between the specimens and anvil to reduce friction during the
testing. The samples were deformed by single-hit uniaxial compression
until the required total strain was attained. The results of deformed
specimens recorded and analyzed were only for those with a barrelling
coefficient of less than 1.1. To maintain their microstructures, the
samples were crushed and air-cooled immediately after each hot
compression test. The stress-strain data obtained during the hot

Table 1

Composition of the alloy sample.
Raw materials Cu Zn Al Ni
Weight percentage 74.7 18.0 7.0 0.3
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compression test was correlated with dynamic materials modeling
(DMM) and used for the development of the processing map.

2.3. Microstructural analysis

The microstructural analysis of the hot deformed samples of Cu-
18Zn-7A1-0.3Ni SMAs was assessed using the Leica DM5000 optical
microscopy (OM). To prepare the post-deformed samples for micro-
structural examination, they were cut parallel to the axis of deformation.
The cut samples were then mounted with polyfast glue and polished to a
mirror surface finish, following metallographic procedures outlined in
Anaele et al. [3] and Alaneme et al. [18]. The samples were then etched
with a solution of 5 g ferric chloride, 10 ml HCl, and 95 ml ethanol for
20 s after polishing with alumina powder.

3. Results and discussion
3.1. Microstructural characterization of Cu-18Zn-7Al-0.3Ni SMAs

The optical images showing the microstructural characteristics of the
post-hot deformation samples of Cu-18Zn-7Al-0.3Ni SMAs at the
experimental temperatures and strain rates are presented in Fig. 1. The
microstructures were observed to exhibit elongated grain morphology
with grain orientation perpendicular to the axis of deformation. The
microstructure in all samples is characterized by two phases with
elongated grains which represents a typical deformation structure.
These microstructural features are consistent with the results on hot
deformation of a Cu-based SMA, reported by Yong et al. [19]. Fig. 1a
shows the optical images of the Cu-18Zn-7Al-0.3Ni SMA, hot com-
pressed at 350 °C using varied strain rates. The microstructure consists
of grains having dendritic morphology which is quite different from the
microstructures obtained at higher temperatures (450 °C and 550 °C).
The optical images presented in Fig. 1b and c represent the micro-
structures at hot deformation temperatures of 450 °C and 550 °C
respectively and they possess comparable microstructural features.
However, the microstructures show varied grain sizes with greater fine
structures observed with the increase in deformation temperature. The
microstructure of the SMA deformed at 450 °C is characterized by
elongated grains which suggest the prevalence of dynamic recovery
(DRV) over dynamic recrystallization (DRX). The microstructure of the
Cu-Zn-Al-Ni alloy samples at 550 °C shows that nearly full dynamic
recrystallization occurs at 0.1 s™! and 1 s™! strain rates. This was
attributed to the ease of dislocation climb, atom diffusion, and sub-grain
boundary migration at higher temperatures, which all favour DRX grain
formation. In addition, at low strain rates, the deformation speed is low,
resulting in sufficient time for boundary migration, which facilitates the
formation of DRXed grains [20,21]. This suggests that the formation of
dynamically recrystallized grains in Cu-Zn-Al-Ni SMAs is favoured at
higher deformation temperatures and low strain rates.

3.2. Stress-strain behaviour of Cu-18Zn-7Al-0.3Ni SMAs

The plastic flow behaviour of the SMAs when hot deformed is
analyzed using the flow stress which is dependent on the deformation
temperature, strain rate, and total strain [14]. The true stress-strain flow
curves of the Cu-18Zn-7Al1-0.3Ni SMA subjected to hot deformation at
different strain rates and deformation temperatures are presented in
Fig. 2. The decrease of peak flow stress with the increase in deformation
temperature, and decrease with strain rate, characterized the positive
strain rate sensitivity exhibited by the SMA. It has been well established
in the literature that lower strain rates and high deformation tempera-
tures are favourable conditions for the formation of DRX grains by
mechanisms of grain boundary migration, formation of sub-grains,
dislocation glide and climb which result in a decrease of the flow
stress [14,22]. At high strain rates and low temperatures, the alloy
shows a positive strain rate sensitivity with the attendant increase in
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Fig. 1. Optical images showing the microstructural characteristics of the hot deformed samples of Cu-18Zn-7A1-0.3Ni SMAs at varied strain rates; (a) at 350 °C (b)

450 °C and (c) 550 °C

flow stress. This is attributed to the formation of heavy dislocation
networks which renders dislocations immobile and impedes plastic flow
by the mechanism of dislocation pinning action [19]. The stress-strain
curves presented in Fig. 2a-c shows similar hot deformation trend
with an initial rise in flow stress at low strains, attaining peak stress, and
then show decline to a near constant flow stress value. The flow stress
rapid rise at the onset of deformation is due to the proliferation of
dislocation network leading to dislocation immobility, which results in
the increase in the deformation stress [21]. Work hardening dominates
the deformation mechanism at this stage, which persists until the
attainment of peak stress. Sustained hot deformation with increasing
strain and temperature, results in the tangled dislocations gaining ki-
netic energy, which facilitates dislocation annihilation by dislocation
climb and gliding mechanisms, leading to the observed decline in the
flow stress [19]. The flow stress decrease with increasing strain is
attributed to the occurrence of dynamic recovery and recrystallization
(DRV and DRX) which counterbalance the work hardening observed at
the onset of deformation [23]. The nucleation and development of new
grains that emerge from dynamic recrystallization is thought to be the
mechanism responsible for the softening process [24]. The flow trend at
the later deformation stage is characterized by steady-state flow stress,
which normally arises due to the counter-balance between work hard-
ening and dynamic softening rates [25]. Fig. 2d exhibits unique flow
behaviour at relatively high deformation temperatures. An initial sharp
increase was observed in the flow stress which was counterbalanced by
the softening mechanism. The flow patterns exhibit swift hardening

stage followed by an extensive softening and steady state flow regime
suggesting the dominance of the softening mechanism over the strain
hardening. The interaction between work hardening effect and softening
mechanism leads to dynamic balance reached between the rate of work
hardening and softening characterized by steady state flow at strain rate
of 557 and 1s~!. The Serrated flow behaviour observed in the flow
curves (Fig. 2d) is ascribed to solute drag effect as a result of the tussle
between the dislocation and solute atoms at elevated temperature
thereby obstructing the dislocation motion. The optical microstructure
of the sample deformed at 550 °C and 1s™! strain rate revealed refined
grains with a globular or nearly equiaxed shape, characteristics that
align with the observed oscillations in the experimental flow curves. The
results suggest that dynamic recrystallization and recovery of the sam-
ples are significantly influenced by the strain rates and deformation
temperatures. This result is in accordance with the observations of Yong
et al. [19], Santosh et al. [22], Zhang et al. [26], and Wang et al. [27]
where it is explained that higher temperatures offer longer times for
energy stockpile and higher interface migration which facilitates the
nucleation DRX grains with an attendant decrease in the flow stress. In
the quest to further elucidate the hot deformation characteristics of
Cu-Zn-Al-Ni SMAs, prediction of the safe working zones and optimizing
the hot deformation parameters for the alloy, were done using consti-
tutive equations and processing maps, which are discussed in the suc-
ceeding sections of this paper.
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Fig. 2. Flow behaviour of Cu-18Zn-7Al-0.3Ni SMAs under hot compression at various strain rates and at (a) 250 °C (b) 350 °C (c) 450 °C (d) 550 °C

3.3. Constitutive equation

It is critical to examine the deformation characteristics of the Cu-Zn-
Al-Ni SMA using constitutive equations to learn more about its hot
deformation behaviour. The stress-strain curve data from hot compres-
sion experiments were utilized to predict the hot deformation behaviour
of the alloy. Yong et al. [19], Zhang et al. [26], and Belbasi et al. [20]
among others, have successfully used constitutive equations to predict
the flow characteristics of hot deformation processed SMAs. In our
study, the Arrhenius hyperbolic-sine constitutive equation (Eq. (1)) was
used to predict the flow behaviour and determine the activation energy
(Q) for hot deformation of Cu-Zn-Al-Ni SMA with respect to the Zen-
er-Hollomon parameter (Z) which is a function of temperature and
strain rate [28].

e=A

sin h(aop)" exp (;—?)for allo 1

=il ([ 1) :

where ¢ is the flow stress, Q is the activation energy for hot deformation,
n is the stress exponent parameter, ¢ is the strain rate, R is the gas
constant given as 8.314 kJ/mol, T is the temperature, Z is the Zener-
Hollomon parameter, while a, 8, and A represent the material con-
stant. The stress sensitivity parameter is denoted by the constant n which
is determined from (Eq. (1)) under conditions of lower stresses. The
material constant a is known as the stress multiplier which is calculated

from (Eq. (1)) and is related to the flow stress as follows: o = g; where ¢ is

the peak stress derived from the stress-strain data, while f is calculated
at peak stress using (Eq. (1)). The activation energy for the hot defor-
mation process is determined from (Eq. (1)) following the plot log [sinh
(aop)] versus 1/T. The model equation (Eq. (2)) is determined by fitting
experimental data in the derivatives of the hyperbolic-sine data and by
the input of the constitutive constants including a, n, #, and A [29]. The
various graphs that illustrate how these constitutive constants were
generated at the peak stress are presented in Fig. 3. The calculated
values of the constitutive constants, activation energy, and peak flow
stress are presented in Table 2. The constitutive model equation was
validated and confirmed reliable by the computation of the correlation
coefficient (RZ), and average absolute relative error (AARE) using Eqgs.
(3) and (4) [30].

M; - P;

i

AARE(%):I%Z

x 100 3

where P; is the predicted stress, M; is the measured stress, and N is the
number of measurements [31].

There is a strong correlation between the measured stress and the
predicted stress values, as indicated by the R? values (0.9295). The low
value obtained for the average absolute relative error (0.6786) also
suggests that the constitutive equation that was generated was very good
at predicting flow stress during deformation. The accuracy and
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Fig. 3. Graphs illustrating the derivation of constitutive constants for Cu-Zn-Al-Ni SMA and showing the correlation of o, ¢, T, and Z: (a) In ¢ versus In a (b) In ¢ versus
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Table 2

Material constants for hot deformation of Cu-Zn-Al-Ni shape memory alloy.
a (MPa) B InA n n Q (kJ/Mol) K
0.004407833 0.03335 32.796 4.540295119 7.566075 154.3428198 4.088766

dependability of the model have been shown to increase with a
decreasing AARE value and R? value close to unity [32]. According to
the statistical data, the obtained constitutive model equation was highly
accurate and can correctly predict the deformation flow stress of the
Cu-Zn-Al-Ni SMA. The results confirmed that DRX is the prevalent
deformation mechanism since the activation energy for hot deformation
(QHD) of the Cu-Zn-Al-Ni SMA is 154 kJ/mol which is 24.19 % less than

the activation energy for self-diffusion (QSD) of copper-based alloys
(203.6 kJ/mol). In FCC (face-centered cubic) alloys, the stacking fault
energy (SFE) is significantly influenced by both the alloying elements
and their concentrations [33]. In the case of copper alloys, the intro-
duction of zinc and aluminium has been noted to induce planar slip, a
departure from the wavy slip characteristic of pure copper [33]. This
shift in behaviour is attributed to a reduction in stacking fault energy
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upon alloying with aluminium and zinc. In materials with low stacking
fault energy, dynamic recrystallization is more thermodynamically
viable and energetically feasible than dynamic recovery [19,33]. Studies
have shown that dynamic recrystallization is active when the stress
exponent (n) values are less than 5 [29,34]. It is thus deduced from
Table 2 that the stress exponent of 4.54 obtained from the hot processing
of Cu-Zn-Al-Ni SMA suggests that the DRX deformation mechanism is
active. This result is consistent with the microstructures of the hot
deformed SMA, which showed clear evidence of well-defined recrys-
tallized grains. The employment of a hot processing map in the following
section is necessary to establish the optimal hot deformation conditions
for the processing of the Cu-Zn-Al-Ni SMA.

3.4. Theory of processing map

Nonlinear models are used to predict the flow behaviour during hot
deformation processes by expressing the quantitative link between flow
stress (¢) and temperature (T), strain rate (¢), and strain (¢) [35]. Dy-
namic material models (DMM)-based processing maps have been suc-
cessfully used for superalloys for microstructure prediction and
deformation parameter optimization [36]. Both the power (G) expended
during plastic deformation (called dissipator content) and the energy (J)
dissipated from microstructural evolution which occur during the hot
deformation process, contribute to the total power (P) dissipated during
hot plastic deformation of SMAs [37]. Power dissipation (P) during hot
deformation is calculated using DMM, which is founded on continuum
mechanics and the irreversible thermodynamics of huge plastic flow
[38,39]:

P:ae:G—&-J:/ade—s—/veda (€8]
0 0

where ¢ and ¢ are flow stress (MPa) and strain, respectively.
At constant T, ¢ and ¢ are related to ¢ by a power law relationship:

oc=K&" 2
where m and K are the strain rate sensitivity and the material coefficient,

respectively. The value of m can be expressed in terms of energy dissi-
pated during hot deformation as follows:

0] édoc _écdlno_Alogo

=—=—= . 3
M=9G " 00 geoln  Aloge &)
At constant T and e, the dissipated co-content (J) is given as:
. moé
J_/Oea(pmJrl @

Under the condition of ideal linear energy dissipation state where m =1;
J reaches maximum as Jpax and given as:

o€

The power dissipation efficiency (g) which is the ratio of J to Jpax is
expressed as:
J 2m

="

= == 6
Jnae mMm+1 Q)

The power dissipation map is derived based on equation (6), which
establishes a correlation between the power dissipation efficiency (g)
and the processing parameters, T and ¢. Unstable flow observed during
plastic deformation has been theoretically derived based on the
maximum entropy principle. This principle yields an expression for the
unstable flow of the material during plastic deformation [26]:

m+1

olné

9 {m L]

£()= +m<0 7
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The symbol &(¢e) represents the instability parameter, which is utilized
for the instability map determination. The hot workability of metal al-
loys may be predicted by the analysis of the plastic flow instability curve
[40]. The development of hot deformation processing maps requires the
overlay of a power dissipation map and an instability parameter map,
which is a plot depicting the logarithmic strain rate against deformation
temperatures [41].

3.5. Processing map analysis

The establishment of the processing maps in terms of the power
dissipation map and the instability parameter map is based on the stress-
strain data presented in Table 1 as well as the flow curves given in Fig. 2.
The results from these data showed that flow stress initially increase
with strain before reaching a steady flow state due the competition be-
tween DRX and work hardening deformation mechanisms. Also, these
results show a linear correlation between the logarithm of flow stress
versus the strain rate which shows that Cu-Zn-Al-Ni SMA satisfies the
condition for DMM of deformation.

It has been established that the relative rate of internal entropy
created throughout the hot deformation is described by the power
dissipation efficiency. The power dissipation maps for Cu-Zn-Al-Ni SMA
at various strains are presented in Fig. 4. It is known from the literature
that metal alloys with high 7 values are amenable to good hot work-
ability during plastic deformation as the power input is effectively uti-
lized by microstructural evolution via mechanisms of DRV, DRX and
phase transformation. Conversely, lower 5 values suggest poor work-
ability, and the microstructures are usually characterized by defects
such as inhomogeneity and porosity [21,24]. It is observed from Fig. 4
that the region shaded red with temperature in the range of 500-550 °C
and strain rates between 0.1 and 2.5 s~! has 5 > 30% during the entire
hot deformation process and represents the optimal hot deformation
conditions for processing the Cu-Zn-Al-Ni SMAs. This is supported by the
microstructure for the stable region or safe hot deformation zone for the
Cu-Zn-Al-Ni SMAs at a deformation temperature of 550 °C and strain
rate of 0.1 and 1s~! presented in Fig. 5. The microstructure is charac-
terized by uniform structures and fine equiaxed grains which signify the
occurrence of dynamic recovery and recrystallization. Also, the region
with blue shade observed in the low-temperature region (250-350 °C) is
characterized by low power dissipation efficiency in the range 17 <5 <
29 and is determined to be the unsafe zone for the hot deformation of the
SMA. Unstable flow persists at all strain rates within this region at
250-350 °C.

The photograph of the hot deformed samples shown in Fig. 6 sup-
ports the instability zones as the image is characterized by shear
deformation and cracks at deformation temperature of 250 °C. Fig. 7
shows the microstructure at 350 °C and strain rate of 0.1, 1, and 5s*
characterized by structural inhomogeneity, dendritic structures, and
micro-cracks in the deformed samples. On the other hand, the micro-
structure for the stable region or safe hot deformation zone for the Cu-
Zn-Al-Ni SMAs at a deformation temperature of 550 °C and strain rate
of 0.1 and 1s™! is presented in Fig. 5. Hence, the power dissipation ef-
ficiency map shows high accuracy in predicting both the safe and unsafe
processing parameters for this alloy.

The instability map of the Cu-Zn-Al-Ni SMAs is presented in Fig. 8. In
literature, the zones exhibiting negative values for &(¢) are classified as
instability regions, wherein an unsteady flow of metals takes place
during hot plastic deformation; whereas stable regions are defined as
those with positive £(¢) values, where stable metal flow occurs during
hot plastic deformation [24]. It is observed from Fig. 8 that the insta-
bility map shows no instability region because the instability criteria
£(€) has positive values. It therefore denotes that flow instability did not
occur at peak stress in the deformed samples. This result agrees with the
observations of some researchers including Jiang et al. [24], Santosh
et al. [22], Zhang et al. [26], and Yong et al. [19]. The instability map
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Fig. 5. Microstructures of Cu-Zn-Al-Ni SMA showing fine grain structures at 550 °C and strain rate of 0.1 and 1s~ .

Fig. 6. Photograph of the hot deformed samples at 250 °C showing shearing-
type deformation.

showed that the optimum conditions for hot deformation of the
Cu-Zn-Al-Ni SMAs exist at a temperature of 550 °C and 0.1-2.5s ! strain
rates. Hence, the power dissipation efficiency map was used to establish
the safe and unsafe processing parameters for this alloy.

The study suggests that DRV and DRX mechanisms characterizes the
stable region and are responsible for obtaining high power dissipation
efficiency during hot deformation of Cu-Zn-Al-Ni SMAs. It is known from
the literature that high power dissipation efficiency signifies that a
greater amount of power is utilized in phase transformation, DRV, and
DRX processes which ultimately results in better hot workability of the
material during hot deformation [24]. Therefore, the optimum param-
eters for the hot deformation of the SMA are in the region where ) 36%
power efficiency, temperature of 550 °C, and strain rates between 0.1
and 2.5s71.

4, Conclusion

The hot deformation behaviour of Cu-Zn-Al-Ni SMA was investigated
using hot compression testing conducted with the aid of a Gleeble 3500
thermomechanical simulator. Stress-strain curves, processing map, and
constitutive equation were developed and the following conclusions
were made:
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Fig. 7. Microstructures of Cu-Zn-Al-Ni SMA showing coarse dendritic structures at 350 °C and strain rate of 0.1, 1, and 55~ .
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Fig. 8. Instability map of Cu-Zn-Al-Ni SMA: (a) 2D Instability contour line map (b) 3D Instability surface map.

. The peak flow stress of Cu-Zn-Al-Ni SMA during hot compression

is sensitive to the deformation temperature and the strain rate.
The flow stress increases with the decrease of deformation tem-
perature and the increase of strain rate.

. The constitutive equation of Cu-Zn-Al-Ni SMA is derived given

that the flow stress is a function of the strain rate and tempera-
ture. The constitutive equation of the alloy can be expressed as:

_1 2 1
4.54 4.54 2
—_1 Z Z
0 = 50044 ln{ (1A75034E14) + |:(1,75034E14> + 1:| }

The activation energy for the hot deformation of Cu-Zn-Al-Ni
SMA was determined to be 154.34 kJ/mol which is about 24 %
lower than the activation energy for self-diffusion of copper.
The stress exponent value (n) is determined to be ~ 4.54 which
confirms the dominance of DRX over work hardening deforma-
tion mechanism as n < 5 and this is in agreement with the mi-
crostructures of the hot deformed samples.

. The values for R2 and AARE for Cu-Zn-Al-Ni SMA were deter-

mined to be ~ 0.93 and ~ 0.68 respectively. The R2 values show a
positive correlation between the two variables for all the
deformed samples whereas a low AARE value signifies that the
constitutive equation derived in this work was reliable in pre-
dicting the flow stress of Cu-Zn-Al-Ni SMA during the hot defor-
mation process.

Flow instability occurs at low temperatures (250 — 350°C) and
strain rates ranging from 0.1 to 5 s~!, with characteristic shear

bands, dendrite structures, and micro-cracks in their micro-
structure. Therefore, it is necessary to avoid processing the alloy
in this region or under this condition.

vii. The optimal condition for hot deformation of the SMA is deter-
mined to be the temperature of 550 °C and strain rates of between
0.1 and 2.5571. These conditions result in stable flow with mi-
crostructures consisting of uniform and fine equiaxed grains
which is due to the occurrence of dynamic recrystallization.

viii. This work established that the stress exponent derived from the
constitutive equation and the processing map developed using
dynamic materials modeling are efficient in predicting the
deformation mechanism and workability response of this alloy.
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