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Abstract. Binary-shape memory alloys that are based on copper, mainly copper–aluminium, copper–zinc and copper–tin
alloys, either with or without ternary elemental additions, are of special interest to the industry and academia because of their
good shape recovery, ease of processing, larger recovery strain and lower cost. However, unlike Ni–Ti shape memory alloys,
their uses are moderately limited due to shortcomings, such as stabilization of martensite due to ageing, brittleness and low
mechanical strength. Therefore, efforts have been made over the years to overcome these limitations using appropriate ternary
and quaternary elemental additions. This work takes into account the data obtained from the experimental work carried out
by the authors of this paper as well as the data obtained from the experimental and theoretical works carried out by earlier
researchers in this area that have been published in the literature over the years. It is observed in quaternary shape memory
alloys based on copper that with an increase in the atomic radius of the quaternary element, the hysteresis width is found
to increase. With the addition of ternary elements to binary Cu-based alloys (Cu–Al and Cu–Zn), and quaternary elements
to ternary Cu-based alloys (Cu–Al–Fe, Cu–Al–Ni, Cu–Al–Mn, Cu–Zn–Al, Cu–Zn–Ni and Cu–Zn–Si), the Ms temperature
either increases or decreases. This influence is directly correlated with the ev /a ratio and cv values. It is also observed that as
the concentration of electrons decreases, the Ms temperature decreases too. In addition, in this paper, we have tried to obtain
relationships between the Ms temperature and the mass or atomic% of different elements through multiple regressions to
generalize the interpretations.
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1. Introduction
Shape memory materials are a type of smart materials that
have the ability to remember their initial shape before deformation just by heating them above a certain temperature.
This behaviour of remembering their earlier shape is called
the shape memory effect (SME). It is a functional property,
wherein the strain imparted to the material/alloy by deformation in the martensitic state (T < Mf ), i.e., at a lower
temperature, is recovered upon heating it to a higher temperature (T ≥ Af ) [1]. The martensite formed is thermoelastic
in nature [2] and the deformation occurs by detwinning the
martensite formed on loading. The shape memory effect is
also known as thermal memory effect as it is a change in
the temperature, i.e., heating, that gives rise to shape recovery. The temperatures at which the phase changes start (Ms ,
martensite start and As , austenite start) to occur and finish (Mf ,
martensite finish and Af , austenite finish) leading to a shape
change are quite characteristic of the alloy. These transformation temperatures are also called characteristic transformation
temperatures since they are highly dependent on the composition of the alloy.
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SMAs have captivated the interest of researchers not only
because of the SME, but also due to SE, which is also known
as the mechanical memory effect. Both SME and SE are used
in a wide range of engineering, medical and commercial applications. Devices based on shape memory alloys are used in
many engineering, medical and commercial applications [3].
In these applications, the principles of SME and SE are used.
These applications are decided by the transformation temperatures of the shape memory alloys that are used to make them.
In recent times, there have been studies on SMAs to correlate
the transformation temperatures with different experimental and theoretical factors. But, these studies are limited in
scope and deal with a few specific shape memory alloy systems. This paper, therefore, discusses in detail the role of
ev /a and cv , especially in copper-based alloys as no studies
have exclusively been carried out on copper-based alloys in
detail from these aspects. Apart from the composition, there
are also other factors that greatly influence the transformation
temperatures, such as grain size, presence of crystal defects,
solutionizing temperature, ageing, ordering, etc. In particular,
in Cu-based alloys, the degree of order strongly determines the transformation temperatures. Quenching leads to a
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higher degree of disorder and thus, lowers transformation
temperatures. Short low temperature annealing above Af can
restore the degree of order and thereby increase the transformation temperatures.
A large increase in shape memory behaviour, due to
the accumulation of the reversible martensitic deformation,
occurs due to the elimination of the permanent (plastic) deformation. In this context, HEAs captivated our interest because
of the mechanism of strengthening explains the high strength
achieved in terms of change in the Burgers vector along the
dislocation line, since its component is perpendicular to the
gliding plane. High entropy alloysmight also 56 crystallize
into an ordered structure like B2 [4]. The austenitic phase
in different shape memory intermetallics, especially Ni–Ti
SMAs, crystallizes into an ordered B2 structure [5]. The variation in ev /a from 3 to 10 paralleled to general crystal structure
changes, i.e., hcp → bcc → fcc, in accordance with the literature. From an analysis of the phase transformations in HEAs
based on the information available in the paper published by
Guo and Liu [6], it is evident that HEA intermetallics with a
B2 crystal structure is found in the ev /a range of around 7. As
in conventional SMAs, in HEA also ev /a plays a critical role.
The martensitic transformation is traditionally considered
to have an electronic origin [7]. According to the literature,
the hydrostatic pressure and magnetic fields also influence
martensite phase formations in SMAs. The change in the
Ms temperature increases with an increasing magnetic field
strength in both the alloys irrespective of whether they
undergo thermoelastic martensitic transformation or not [8].
An earlier work on Ni–Ti SMAs shows a clear dependence
of Ms on the ev /a ratio, i.e., the number of 4s + 3d electrons
per atom and cv [2], in ternary and quaternary Ni–Ti SMAs.
The valence electron concentration and ev /a ratio are highly
dependent on the type of ternary and quaternary elemental
additions and the amount in which they are added. Although
the dependence of transformation temperatures on the ev /a
ratio of Ni–Ti shape memory alloys has been explored earlier [2,9], there has been no published work yet in the public
domain correlating the experimental and theoretical factors
with the transformation temperatures of SMAs in general and
Cu-based SMAs in particular. This work, therefore, served as
an impetus for us to delve deeper into the subject.
Cu-Based SMAs evolve from three binary alloy systems: Cu–Al, Cu–Zn and Cu–Sn. Binary Cu–Al SMAs
with ternary additions of Fe, Mn and Ni and binary Cu–
Zn SMAs with the ternary additions of Ni and Al have
been explored in the past for their shape memory properties
[10,11]. The martensitic transformation occurring in Cu–
Sn shape memory alloys does not result in the formation
of a thermoelastic martensite. Moreover, ageing at moderate temperatures results in degradation of shape memory
properties. Most of the devices based on SMAs make use
of them in the form of wires, sheets, foils, etc. This being
the case, the SMAs should be amenable for mechanical
processing into these shapes. But, Cu–Sn SMAs are difficult to process into these shapes as the alloys are brittle.

Bull. Mater. Sci.

(2019) 42:229

Secondly, most of the Cu–Sn SMAs exhibit their transformation temperatures (Ms , Mf , As and Af ) below room
temperature. Therefore, the alloys cannot be used in devices
that operate about or above room temperature. Thirdly, Cu–Sn
SMAs exhibit SME within a very narrow range of compositions [12], thereby, making it difficult to control their
compositions during production and also subsequently use
them in intended applications. Fourthly, the strain recovery of
the alloys is very minimal and their thermal hysteresis is large.
As a result, the number of papers that have been published
so far is minimal. Moreover, they are of academic interest only and deal with such methods as rapid solidification
processing [13]. In this work, therefore, Cu–Sn alloys have
not been considered for analysis. Despite their poor mechanical properties as compared to Ni–Ti SMAs, Cu-based SMAs
are being explored as a viable substitute to them due to their
ease of production and processing [10] and lower cost of
production.

2. Materials and methods
Cu–Al–Fe alloys with 12–13 wt% of aluminium and 4 wt%
of iron were selected for the present work, as these materials exhibit a β-phase at elevated temperatures and show
SME on drastic cooling to room temperature to allow the
formation of martensite in this composition range. Small
pieces of copper, aluminium and iron of high purity (99.99%)
were removed from the respective metal ingots and taken
in appropriate amounts, so as to weigh 300 g of the alloy.
The pieces were melted in an air induction furnace in the
presence of argon. The liquid alloy was decanted into a preheated (∼200◦ C) mould measuring 110 × 60 × 3 mm and
made of cast iron. The molten alloy was then allowed to
solidify. The cast ingots/biscuits were then homogenized by
heating to 900◦ C and holding them at this temperature for
1 h under an argon atmosphere to obtain a completely homogenized alloy that was free from micro-segregation. Quenching
of the alloy following homogenization facilitated the formation of martensite in the alloy. Two different compositions
were prepared for the present studies. The compositions of
the prepared alloys are given below:
(1) Cu–12Al–4Fe (wt%) {solutionized at 900◦ C for 1 h}.
(2) Cu–13Al–4Fe (wt%) {(1) solutionized at 900◦ C for
1 h, (2) solutionized at 950◦ C for 1 h}.
The compositions of the alloys were experimentally determined by energy dispersive X-ray (EDAX) analysis. A
differential scanning calorimeter (DSC) (NETZSCH-204)
was used to measure the transformation temperatures of the
prepared alloys. The samples were heated and cooled at a rate
of 20◦ C min−1 . Specimens with 1 mm thickness and 3 mm
diameter were machined from the rolled, solutionized and
quenched alloy samples.
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3. Factors affecting transformation temperatures
To date, the strong composition dependence of the
transformation temperatures, especially, the Ms temperature,
has not been fully explored. In recent years, researchers have
modified the transformation temperatures as well as the width
of the hysteresis by adding appropriate alloying elements
to pure elements and to binary and ternary alloys, etc. The
selection of the right elemental addition is important if the
transformation temperatures are to be increased or decreased.
For example, in the case of the ternary addition to binary Ni–
Ti alloys, the use of tungsten to replace nickel results in the
Ms temperature being raised above room temperature. On the
other hand, using tungsten to replace titanium leads to the Ms
temperature being lowered to below room temperature [2].
A review of the literature reveals that the Ms temperature depends on the quenching as it drastically lowers the
Ms temperature [14]. Martensitic transformation involves lattice transformation without diffusion. Lattice dynamics is
therefore considered an important parameter in austenite to
martensite transformation. Addition of alloying elements and
the presence of lattice defects also have an influence on the
lattice dynamics. As per the literature [14], even a change in
the composition, as low as 1 at.%, can lead to a change in
the elastic constant to the extent of 10%. Quenching, which
leads to proliferation of point defects, has a similar effect as
well [15]. These contradict the fact that the elastic constants of
non-transforming alloys, i.e., those alloys that undergo parent
to intermediate phase change, but do not lead to the formation
of martensite, are insensitive to alloying and defects [14]. This
suggests that martensitic transformation is controlled by lattice dynamics. Lattice dynamics is, therefore, a prerequisite
to understand the compositional dependence of Ms .
Apart from the above-mentioned factors, the Ms temperature is also influenced by precipitation, due to ageing
effects, point defects, dislocations and ordering. A study of
the relevant literature [14] reveals that the transformation temperatures are higher for lower ageing temperatures and lower
for higher ageing temperatures. The transformation temperatures remain unchanged even after longer ageing times. This
is attributed to the change of matrix composition with indicated solubility limit. Small-sized precipitate particles also
tend to decrease the Ms temperature. This is attributed due to
the presence of coherency stress.
Ahlers [16] established the role of composition on Ms
temperature of ternary Cu–Zn–Al alloys and found that as
the Zn content increases, the Ms shifted to lower values by
∼80 K. Moreover, for ternary Cu–Zn–Al alloys whose ev /a
ratio is 1.48, the high temperature austenite (β) is stable even
on slow cooling to room temperature since it is a low temperature phase. In the case of the slowly cooled sample as well
as quenched and aged sample, the Ms temperatures obtained
were the same so long as the TQ is lower than L21 ordering
temperature. If not, the reordering that occurs on quenching
leads to the retention of small domains that are retained on
ageing and lead to a slight change in the Ms temperature, but
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in any case, not higher than 4 K. In a binary Cu–Zn system,
quenching results in the change of Ms by lower than 7 K,
i.e., Ms is not greatly affected. They conclude that in ternary
Cu–Zn–Al and binary Cu–Zn alloys, it is possible to control the change in Ms temperature caused by quenching and
ageing.
The transformation temperatures are influenced by the
solutionizing temperature [17]. It is possible to vary the
transformation temperatures of an alloy without changing its
composition just by solutionizing the alloy at different temperatures.
3.1 Effect of the ev /a ratio
The electrons present in the outermost orbitals of an atom are
called valence electrons. The ev values of some of the elements
that are used in producing the shape memory alloys are: Cu
= 11, Zn = 12, Sn = 4, Fe = 8, Mn = 7, Ni = 10, Cr = 6, Al =
3, Si = 4 and Mg = 2. The ev /a for an element is calculated
as per the following relationship: ev /a = (at% × ev )/100.
Accordingly, the ev /a of any quaternary Cu–X–Y–Z alloy is
given by the following equation:
ev /a = f Cu evCu + f X evX + f Y evY + f Z evZ ,

(1)

where f Cu , f X , f Y and f Z indicate the atomic fractions of Cu,
X , Y and Z , respectively, while evCu , evX , evY and evZ , respectively, indicate the valence electrons present. When the ev /a
ratio is above 7.50, the transformation temperatures show
much less dependence on cv and can be lower than those
for alloys with ev /a between 5 and 7.5. A similar trend is
observed even for low and medium cv values, i.e., 0.17–0.22
[9].
3.2 Effect of valence electron concentration
The average valence electron concentration of an alloy is
denoted by cv (concentration of valence electrons). It is
defined as the ratio between the number of valence electrons
and the total number of electrons present in the alloy. Mathematically, it can be expressed as:
cv = ev /et ,
cv = (
+
+
+
+ f X Z X + f Y Z Y + f Z Z Z ),
f Cu evCu

f X evX

f Y evY

f Z evZ )

(2)



( f Cu Z Cu
(3)

where Z Cu , Z X , Z Y and Z Z represent the atomic numbers of
Cu, X , Y and Z , respectively.
In binary Ni–Ti shape memory alloys, the Ms (900 to
–100◦ C) and As (950 to –30◦ C) temperatures decrease as
cv increases (0.1425–0.296) [2], showing a clear correlation
between cv and transformation temperatures. As quoted in the
relevant literature, the cv , Ms and As values start increasing
when the electron concentration is above 0.34–0.35 [9].
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3.3 Effect of transformation hysteresis
As per the literature [18], the thermal hysteresis, |Af − Ms |,
which is related to the austenite–martensite interface movement decreases with increasing ev /a and cv . The elastic
hysteresis, which is related to the energy dissipated because of
material’s internal friction, is given by |Af − As |. It increases
at a slower rate with the valence electron concentration per
unit volume.
Hysteresis plays a key role in the selection of shape
memory alloys for various applications. Repeated actuation
processes, as in SMA actuators, require a smaller hysteresis,
whereas vibration damping as in earthquake-resistant structures requires SMAs with a broader hysteresis. Hysteresis
is influenced by myriad factors [19], some of which are:
(a) atomic radius of the alloying element, (b) lattice compatibility, (c) biasing stress in bimorph and (d) precipitation.

4. Results and discussion
The results of the composition analyses carried out on one
of the alloy systems based on copper are shown in figure 1a
and b.
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The calculated ev /a and cv values on experimentally determined austenite–martensite and martensite–austenite transformation temperatures of ternary, quaternary and quinary
Cu-based SMAs based on the work [20,21] of one of the
authors (V Sampath) of the paper and other researchers are
given in tables 1–3.
Regression analysis: The regression equation for the
dependence of Ms on the alloying elements (composition) in Cu–Al alloys is derived using the Minitab software. The statistical data from regression analysis were
obtained as follows: S = 38.3851; R-Sq = 87.96% and
R-Sq(adj) = 81.93%.
Regression equations for the Cu–Al system:
Ms (◦ C) = 706 − 32.3Al − 20.7Fe + 41.5Mn − 26.3Ni.
(4)
The dependence of Ms on ev /a was also obtained in a similar fashion for Cu–Al alloys. Statistical data from regression
analysis were obtained as follows: S = 94.2735; R-Sq = 0.11%
and R-Sq(adj) = 0.00%.
Ms (◦ C) = 179 + 7.2ev /a.

Figure 1. EDAX results of the Cu–Al–Fe system used in the present study. (a) Composition of the Cu–12Al–4Fe alloy
and (b) composition of the Cu–13Al–4Fe alloy.

(5)
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ev /a, cv , Ms , Mf , As and Af of ternary, quaternary and quinary Cu–Al-based SMAs.
Transformation temperatures (◦ C)

Alloy
Cu–Al–Fe

Cu–Al–Mn

Cu–Al–Ni

wt% (at%)

ev /a ratio

cv

Mf

Ms

As

Af

Ref.

Cu10.21Al4.60Fe
(Cu91.04 Al4.63 Fe4.32 )
Cu11.17Al4.42Fe
(Cu90.73 Al5.09 Fe4.17 )
Cu11.56Al4.58Fe
(Cu90.37 Al5.29 Fe4.34 )
Cu11.91Al4.62Fe
(Cu90.05 Al5.80 Fe4.15 )
Cu12.57Al2.60Fe
(Cu91.73 Al5.81 Fe2.48 )
Cu12.58Al1.32Fe
(Cu92.98 Al5.77 Fe1.25 )
Cu12.60Al2.11Fe
(Cu92.21 Al5.78 Fe2.0 )
Cu12.60Al4.35Fe
(Cu90.18 Al5.63 Fe4.37 )
Cu–12Al–4Fe
(Cu79.61 Al12.25 Fe4.67 )
Cu–13Al–4Fe (1)
(Cu79.98 Al13.56 Fe4.39 )
Cu–13Al–4Fe (2)
(Cu79.98 Al13.56 Fe4.39 )

10.49

0.3729

243

308

416

478

[22]

10.46

0.3728

232

255

395

450

10.45

0.3729

203

232

311

371

10.41

0.3725

171

203

200

227

10.46

0.3735

181

266

410

445

10.50

0.3745

240

250

288

372

10.47

0.3738

192

259

399

447

10.43

0.3722

114

135

131

160

9.49

0.3665

195

224

408

477

9.54

0.3655

193

249

401

482

9.54

0.3655

174

247

409

485

10.35

0.3710

460

510

490

520

10.29

0.3687

460

500

480

510

10.41

0.3737

475

505

490

510

10.41

0.3753

525

540

260

335

10.40

0.3742

470

490

460

500

10.48

0.3736

—

149

—

—

10.48

0.3742

—

137

—

—

10.46

0.4045

—

62

—

—

10.45

0.3739

—

28

—

—

10.45

0.3740

—

11

—

—

10.40

0.3725

—

−22

—

—

10.48

0.3743

210

229

325

377

10.42

0.3729

90

111

169

179

10.45

0.3736

180

198

218

227

11.17

0.4007

144

159

196

205

Cu12.5Al5Mn
(Cu89.5 Al5.76 Mn4.69 )
Cu12.5Al5Mn2Zn
(Cu87.04 Al5.74 Mn5.0 Zn2.2 )
Cu12.5Al5Mn2Si
(Cu88.16 Al5.81 Mn5.06 Si0.9 )
Cu12.5Al5Mn2Mg
(Cu88.27 Al5.82 Mn5.07 Mg0.83 )
Cu12.5Al5Mn2Cr
(Cu87.44 Al5.77 Mn5.02 Cr1.78 )
Cu12.96Al4.27Ni
(Cu89.82 Al5.98 Ni4.29 )
Cu13.15Al3.25Ni
(Cu90.69 Al6.08 Ni3.26 )
Cu13.5Al4Ni
(Cu82.5 Al6.24 Ni4.02 )
Cu13.7Al4Ni
(Cu89.63 Al6.34 Ni4.03 )
Cu13.8Al4Ni
(Cu89.59 Al6.39 Ni4.03 )
Cu14Al4Ni
(Cu89.48 Al6.49 Ni4.03 )

Cu–Al–Ni–V Cu13.0Al4.0Ni0V
(Cu90.01 Al5.99 Ni4.0 V0 )
Cu13.0Al4.0Ni0.5V
(Cu89.11 Al5.99 Ni4.02 V0.87 )
Cu13.0Al4.0Ni1.0V
(Cu89.56 Al5.99 Ni4.0 V0.44 )
Cu13.0Al4.0Ni2.0V
(Cu88.20 Al6.01 Ni4.02 V1.75 )

This study

[23]

Obtained using
eq. [24]

[24]

[25]
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Table 1.

(continued)
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Transformation temperatures (◦ C)
Alloy

wt% (at%)

Cu–Al–Zn–Mn–Si

Cu9.1Al7.1Zn 3.0Mn1.1Si
(Cu83.05 Al4.60 Zn8.69 Mn3.09 Si0.58 )
Cu9.0A17.2Zn3.4Mn0.9Si
(Cu84.5 Al4.06 Zn7.87 Mn3.13 Si0.42 )
Cu9.5A17.1Zn4.2Mn1.0Si
(Cu83.32 Al4.31 Zn7.80 Mn3.88 Si0.47 )
Cu8.7A16.9Zn3.7Mn0.9Si
(Cu84.72 Al3.92 Zn7.31 Mn3.40 Si0.42 )
Cu8.9A16.7Zn3.7Mn0.9Si
(Cu84.83 Al4.02 Zn7.33 Mn3.4 Si0.42 )
Cu8.9A16.7Zn3.7Mn1.1Si
(Cu84.72 Al4 Zn7.34 Mn3.4 Si0.52 )
Cu8.8A17.7Zn3.2Mn1.1Si
(Cu84.16 Al3.97 Zn8.42 Mn2.94 Si0.5 )
Cu8.7A17.2Zn3.5Mn1.1Si
(Cu84.47 Al3.93 Zn7.87 Mn3.22 Si0.52 )

ev /a ratio

cv

Mf

Ms

As

Af

Ref.

10.56

0.3752

1

16

11

30

[26]

10.60

0.3754

−18

12

−3

20

10.52

0.3744

−42

−4

−35

8

10.57

0.3751

−26

3

−10

12

10.59

0.3751

−34

2

−20

6

10.58

0.3750

−31

4

−11

48

10.61

0.3755

−19

8

−5

15

10.60

0.3753

−10

16

1

26

Numbers within square brackets refers to the sources of transformation temperatures.

Table 2.

ev /a, cv , Ms , Mf , As and Af of ternary, quaternary and quinary Cu–Zn and Cu–Sn-based SMAs.
Transformation temperatures (◦ C)

Alloy

wt% (at%)

Cu–45.26Zn–5.47Ni (Cu48.84 Zn46.12 Ni5.01 )
Cu–45.59Zn–5.82Ni (Cu48.12 Zn46.54 Ni5.34 )
Cu–45.63Zn–6.15Ni (Cu47.80 Zn46.57 Ni5.63 )
Cu–46.12Zn–6.21Ni (Cu47.25 Zn47.06 Ni5.69 )
Cu–48.04Zn–2.96Ni (Cu48.40 Zn48.89 Ni2.72 )
Cu–46.86Zn–3.75Ni (Cu48.78 Zn47.79 Ni3.43 )
Cu–45.91Zn–4.47Ni (Cu48.95 Zn46.95 Ni4.10 )
Cu–Zn–Al
Cu–25.52Zn–3.74Al (Cu71.76 Zn26.63 Al1.61 )
Cu–26.08Zn–3.85Al (Cu71.21 Zn27.24 Al1.61 )
Cu–Zn–Al–Mn–Ni Cu–23.6Zn–4.47Al–0.23Mn–0.17Ni
(Cu72.94 Zn24.76 Al1.94 Mn0.203 Ni0.160 )
Cu–Zn–Al–Fe
Cu–14.86Zn–5·81Al–0.5Fe
(Cu81.5 Zn15.76 Al2.54 Fe0.45 )
Cu–Zn–Si
Cu–33.4Zn–2.2Si (Cu63.66 Zn35.34 Si1.00 )
Cu–35.9Zn–1.4Si (Cu62.54 Zn36.84 Si0.62 )
Cu–33.4Zn–2.1Si (Cu64.64 Zn34.43 Si0.93 )
Cu35.8Zn1.4Si (Cu62.79 Zn36.59 Si0.61 )
Cu–30.7Zn–4.3Si (Cu65.99 Zn32.07 Si1.93 )
Cu–29Zn–5Si (Cu67.32 Zn30.43 Si2.25 )
Cu–15Sn
Cu–24.7Sn (Cu85 Sn15 )
Cu–Zn–Ni

ev /a ratio

cv

Mf

Ms

As

Af

Ref.

11.40
11.41
11.40
11.41
11.46
11.44
11.40
11.13
11.15
11.08

0.3877
0.3879
0.3876
0.3879
0.3889
0.3885
0.3874
0.3868
0.3848
0.3830

74
82
88
108
86
72
66
—
—
22

90
106
112
115
111
121
132
50
−10
39

95
105
116
118
101
116
126
—
—
5

138
145
152
143
126
143
156
—
—
3

[27]

10.94

0.3797

80

111

108

134

[30]

11.28
11.55
11.28
11.32
11.18
11.15
9.26

0.3855
0.3945
0.3862
0.3867
0.3851
0.3849
0.271

−10
−70
−5
−75
—
—
−70

10
−55
15
−50
−23
−10
−51

10
−50
15
−45
—
—
90

50
−15
55
−10
—
—
113

[31]

[28]
[29]

[32]
[33]

Numbers within square brackets refer to the sources of transformation temperatures.

The regression equation for the dependence of Ms on the
alloying element in Cu–Zn alloys is also derived using
Minitab software. Statistical data from regression analysis
were obtained as follows: S = 31.2833; R-Sq = 84.85%;
R-Sq(adj) = 78.79% and R-Sq(Pred) = 63.99%.

Regression equations for the Cu–Zn system:
Ms (◦ C) = −417 + 10.40Zn + 9.51Ni + 44.4Al
+ 20.8Si.

(6)
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Table 3. Hysteresis |Af – Ms | and atomic radius of alloying elements
added to ternary, quaternary and quinary Cu-based SMAs [18].
Atomic radius of
alloying elements (pm)

Hysteresis
(◦ C)

173 (Mg)
111 (Si)
128 (Cr)
139 (Zn)

205
5
10
10

Composition
(wt%)
Cu–12.5Al–5Mn–2Mg
Cu–12.5Al–5Mn–2Si
Cu–12.5Al–5Mn–2Cr
Cu–12.5Al–5Mn–2Zn

The values were taken from table 2.

Figure 3. Dependence of Ms on the composition and ev /a ratio
for Cu–Al–Ni SMAs.

Figure 2. Dependence of Ms on the composition and ev /a ratio
for Cu–Al–Fe SMAs.

The dependence of Ms and ev /a was also obtained in a similar
way for Cu–Zn alloys. The Statistical data from regression
analysis were obtained as follows: S = 63.8252; R-Sq =
18.00% and R-Sq(adj) = 11.69%.
(7)

Figure 4. Dependence of Ms on the composition and ev /a ratio
for Cu–Zn–Si SMAs.

Due to the availability of very few compositions on Cu–Sn
alloys, no regression analysis was carried out for the same. We
have checked the validity of equations (4–7) with regard to
correlation between the composition and transformation temperature (Ms ) in the case of the experimentally studied alloys
and theoretically proposed compositions of the shape memory alloys by the earlier researchers and our own experimental
compositions and findings, we observed that the equations
have an accuracy of 95%.
In Cu–Al–Fe SMAs, it can be observed (figure 2 and equation (4)) that as the aluminium content increases, the ev /a
ratio decreases and thereby decreasing the Ms temperature as
well. From the regression equation also, it can be clearly predicted that with an increase in the aluminium weight percent,
there is a decrease in Ms . A similar trend can be observed with
increasing iron contents as well, with the exception of Cu–
12.58Al–2.60Fe alloy. A higher Ms temperature is generally
attributed to the completely filled d–d overlapping orbitals.
Such a tendency was observed even in Ni–Ti–X (Pt) alloys,

exhibiting a broad range of transformation temperatures, with
their Ms and As as high as 900 and 950◦ C, respectively, for
an ev /a ratio of 7 [2]. Thus, a clear correlation between the
d–d overlapping orbitals in the alloy and the transformation
temperature (Ms ) can be established.
With a slight increase in the nickel content (1 wt%), as
also with a marginal decrease in the aluminium content
(0.1 wt%), it can be observed in figure 3 that Ms increases
or decreases for the same value of ev /a. This ratio is constant
for the alloys possessing a high Ms temperature (150◦ C). Even
in Cu–Al–Ni SMAs, it can be observed that an increase in the
aluminium content as low as 0.1 wt%, drastically decreases
the Ms temperature.
Figure 4 reveals that with the silicon and copper contents
of the alloys almost remaining constant, even a 0.1 wt%
increase in the zinc content tends to reduce the Ms temperature by about 5◦ C. A similar trend can be observed with
an increase in the silicon content also. For almost the same

Ms (◦ C) = 2460 + 221ev /a.
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Figure 5. Dependence of Ms of Cu–Al ternary systems [22–24] on: (a) ev /a ratio and (b) cv .

Figure 6. Dependence of Ms of Cu–Zn ternary systems [27,28,31,32] on: (a) ev /a ratio and (b) cv .

zinc and copper contents, an increase in the silicon content of
0.1 wt% decreases the Ms temperature by ∼5◦ C. As far as the
alloy system Cu–Zn–Si is concerned not too many researchers
have worked on them over the years. Consequently, not too
many data are available on the transformation temperatures
of these ternary alloys. Due to the paucity of data, a closer fit
could not be obtained.
Every element has a definite atomic number, which
influences the transformation temperatures in some specific
ways. Plots have therefore been drawn so as to bring out the
effect more clearly. The correlation between the Ms temperature and the ev /a ratio for Cu–Al ternary alloys of different
compositions is clearly shown in figure 5a. As can be seen,

many alloys (10 out of 15 of them) have their ev /a ratios
between 10.4 and 10.5. In addition, it can be seen that the
highest Ms temperatures (5 out of 15 alloys) are observed in
the range of 10.30–10.35.
In the case of Ms vs. cv correlation (figure 5b), it can be
found that the cv ratio lies in the range of 0.368–0.376 with
most of them centred around the values of 0.372–0.375.
As can be seen, the sensitivity of the transformation temperature to cv is reduced. With increasing valence electrons,
the bond strength and hence elastic properties increase even
for medium values of cv . This is attributed to the fact that a
higher number of valence electrons leads to a stronger bonding for larger ion kernels in metallic bonds [9]. An increase in
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Figure 7. Dependence of Ms on the ev /a ratio of (a) Cu–Al and (b) Cu–Zn systems.

Figure 8. Dependence of hysteresis on the atomic radius of alloying elements.

the ev /a ratio also leads to decreased Ms temperatures with
some degree of deviation from the main trend.
In metals, the behaviour of valence electrons resembles
that of a ‘glue’ bringing together the non-valence electrons
and the nuclei [9], while the non-valence electrons form the
total volume of the alloy. A slight increase in the transformation temperature is observed for cv > 0.34–0.35 [9]. This is
attributed to the phenomena of anti-bonding and thickening of
the ‘glue’ caused by a high concentration of valence electrons
as evidenced by the plots.
Alloying is mainly done so as to cause improvement in
mechanical (e.g., tensile strength, elastic modulus and ductility) and functional properties (e.g., SME and superelasticity).

As reported in the literature, the change in transition temperatures is attributed to the variation in the bulk elastic modulus
of austenite. If the modulus of elasticity of austenite is larger,
the alloy should be cooled to lower or sub-zero temperatures
before a critical value of the elastic modulus (c0 , basal-plane
shear modulus and c44 , monoclinic shear modulus), which
may lead to decreased Ms.
The correlation between the Ms temperatures and ev /a
ratios of the ternary alloys based on Cu–Zn is plotted in
figure 6a. As can be observed, most of the alloys (11 out of
15) have their ev /a ratio between ∼11.25 and 11.5. It can also
be observed that the highest Ms temperatures are observed for
the Cu–Zn–Ni system with their ev /a ratio between 11.40 and
11.46.
As far as the correlation between Ms and cv , from figure 6b,
it is found that most of the cv values lie in the range of 0.384–
0.39 with a majority of them (14 out of 15) hovering around
the values in the region of 0.387–0.39. The trend of increasing
Ms with increasing cv can be found.
The valence electron concentration per unit volume (VED)
also has a strong influence on the transformation temperature,
namely, the Ms temperature [18]. This is because as VED
becomes larger, it leads to an increasing modulus, leading in
turn to a decreased transformation temperature. This is also
the reason as to why Ms decreases as cv decreases. The higher
the number of electrons involved, the stronger are the bonds,
and higher are the melting temperatures.
An attempt is made to compare the influence of the ev /a
ratio on the Ms temperature among Cu–Al and Cu–Zn ternary,
quaternary and quinary alloys. The trend observed is plotted
in figure 7a and b. From figure 7a, we can observe that most
of the alloys (20 out of 26) have their Ms hovering between
10.4 and 10.5. It is also observed that the highest value of
Ms is found for the alloy with an ev /a ratio of 10.4. From
figure 7b, it can be found that most of the alloys (10 out of
16) show their Ms values in the range of 11.25–11.50. It is
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also observed that the highest value of Ms is found for the
alloy with an ev /a ratio of 11.4.
The effect of the atomic radius of alloying elements in an
alloy having approximately the same ev /a ratio on hysteresis
is illustrated in figure 8. In Mn-rich alloys, it can be observed
that the anti-ferromagnetic properties [9] of the alloy lead to
higher Ms temperatures.
It is also found that increasing the atomic radius, increases
the hysteresis. As can be found in the literature, hysteresis
is attributed to two energy dissipation processes during
transformation: one is associated with the resistance of the
intermetallic bonds, while the other with volume changes and
rearrangement. Thus, a higher atomic radius increases energy
dissipation, leading to a larger hysteresis.
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5. Conclusions

Alloy

The transformation temperatures of shape memory alloys
are very important since their applications in specific fields
depend on their stability with time and magnitude. A number of factors influence the transformation temperatures. The
present work is an attempt to analyse factors that influence
transformation temperatures. This work takes into account
the data obtained from the experimental work carried out
by V Sampath and his co-workers and also those from
the experimental and theoretical analyses carried out by
other researchers on copper-based alloys. The work is by
no means exhaustive and is rather limited in scope. More
detailed experimental and theoretical analyses are required
to get a thorough understanding of the subject. However, the
following conclusions can be drawn from the experimental
and theoretical analyses.
It can be concluded from the obtained correlations that the
ev /a ratio and cv values play an important role in influencing
the Ms temperature. The specific conclusions drawn from the
analyses are given below:

Cu
Zn
Sn
Fe
Mn
Ni
Cr
Al
Si
Mg

(1) The addition of alloying elements, such as aluminium,
iron, zinc and silicon, decreases the ev /a ratio and
thereby decreases the Ms temperature.
(2) As is the case with Ni–Ti alloys, it is found that cv
influences the martensitic transformation temperature.
As cv decreases, the Ms temperature decreases as
well.
(3) The atomic size/diameter of the elements added determines the hysteresis width. As the atomic radius
increases, there is a slight increase in the hysteresis
width in most of the quaternary alloys even though there
is an exception to this trend.
Acknowledgements
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Appendix
In the case of Cu-based shape memory alloys, the electronic
configurations of the elements that are added to form the alloys
are given by:

Atomic
number
29
30
50
26
25
28
24
13
14
12

Electronic configuration
1s2
1s2
1s2
1s2
1s2
1s2
1s2
1s2
1s2
1s2

2s2
2s2
2s2
2s2
2s2
2s2
2s2
2s2
2s2
2s2

2p6
2p6
2p6
2p6
2p6
2p6
2p6
2p6
2p6
2p6

3s2
3s2
3s2
3s2
3s2
3s2
3s2
3s2
3s2
3s2

3p6
3p6
3p6
3p6
3p6
3p6
3p6
3p1
3p2

4s1
4s2
4s2
4s2
4s2
4s2
4s2

3d10
3d10
3d10 4p6 5s2 4d10 5p2
3d6
3d5
3d8
3d4
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