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Abstract

The microstructure, martensitic transformation behavior and shape memory effect of Cu-Zn-Ni
shape memory alloy have been studied by X-ray diffraction (XRD), optical microscopy (OM) and
differential scanning calorimetry (DSC). The results show that the recrystallization occurs in the
hot-rolled Cu-Zn-Ni alloy by annealing at 800°C and alloy is primarily composed of martensite. A
reverse martensite transformation temperature higher than 100°C upon heating has been de-
tected. The alloys exhibit good ductility and shape memory effect (SME). The results obtained are
discussed in detail.
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1. Introduction

A shape memory alloy (SMA) is an alloy that remembers its original shape returning the pre-deformed shape
upon heating. This material is a lightweight, solid-state alternative to conventional actuators such as hydraulic,
pneumatic, and motor-based systems. Shape memory alloys find applications in industries such as medical, ro-
botics and aerospace. Shape memory alloys (SMAs) are metallic materials, which exhibit two unique properties
namely, shape memory effect and super-elasticity.

Among many alloy systems which exhibit shape memory effect (SME), Cu-Al-Ni and Cu-Zn-Al shape mem-
ory alloys (SMAs) have been studied extensively over the years [1]. Most of the copper-based shape memory
alloys are easy to fabricate, process and are less expensive when compared to Ni-Ti shape memory alloys.
However, Cu-Al-Ni and Cu-Zn-Al shape memory alloys in the polycrystalline state are brittle and therefore
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cannot be easily worked due to the high degree of order and high elastic anisotropy of the parent S-phase (auste-
nitic) [2].

Cu-based shape memory alloys are currently derived from three binary alloy systems i.e., Cu-Zn, Cu-Al and
Cu-Sn [3]. Among these martensitic transformations, In Cu-Sn alloys are not perfectly thermo elastic and suffer
from a rapid degradation of a shape memory properties during ageing at even moderate temperatures. It is also
very brittle and the existence of -composition range is very narrow. These alloys are therefore of theoretical in-
terest than potential commercial shape memory alloys.

Cu-Zn based alloys containing Al, Si, Sn, Ga, or Mn as ternary alloy and Cu-Al based ternary alloys with al-
loying elements such as Ni, Be, Zn and Mn [4] [5] have been explored for their potential use. Currently Cu-Zn-
Al and Cu-Al-Ni shape memory alloys are commercially available and put to use in many practical applications.
The alloys can also be suitably modified to meet specific requirements for practical applications by selectively
alloying with suitable quaternary and grain-refining additions [6]. Accordingly quaternary alloyed SMAs such
as Cu-Zn-Al-Ni, Cu-Zn-Al-Ni-Mn and Cu-Zn-Ni-Ti-Mn etc. are developed and put to use in many commercial
applications. The alloys are also alloyed with grain refiners such as B, Co, Fe, Ti, V and Zr to reduce the size of
grains and improve their mechanical properties [7].

The practical applications of a shape memory alloy depend on its characteristic transformation temperatures
and the extent of shape memory effect and superelasticity. Since the shape memory properties of SMAs are sen-
sitive to the composition of the alloy, they play a vital role in determining their transformation temperatures and
shape memory characteristics [8]. The main objective of present study is to determine the influence of alloying
elements zinc and nickel on the transformation temperatures, morphology of martensite formed, strain recovery
by shape memory effect in a broad range of concentrations of Cu-Zn-Ni alloys.

2. Experimental Procedure

From phase diagram [9] pure copper, zinc and nickel were taken in right quantities [Figure 1(a)] to weigh 500 g
of the alloy in total and were melted together in an induction furnace under an inert gas atmosphere [10]. The
molten alloy was poured into a cast iron mould of dimensions 150 mm x 100 mm x 3 mm and allowed to soli-
dify. The ingots were then homogenized at 800°C in the s-phase for 6 h under an argon atmosphere. The chemi-
cal compositions of the alloys were determined using a Perkin-Elmer inductively coupled plasma-optical emis-
sion spectrophotometer (ICP-OES), which has the capability to analyze compositions up to an accuracy level of
second decimal place [9].

The homogenized alloy samples were hot rolled at 800°C according to phase liquidous diagram from
Figure 1(b) to a thickness of 1 mm. The hot rolled samples were homogenized for 5 h at 800°C and step
quenched into a boiling water bath (~100°C), followed by quenching them into a water bath at room tempera-
ture (~30°C). Step quenching was used to prevent the quench cracks and the pinning of martensitic plates by
excess dislocations retained on quenching from high temperature [11] [12]. The shape memory effect is a
temperature-dependent effect. During shape memory effect, if the recovery of shape is constrained/hindered,
then the alloy generates a force that can be used to do some useful work. The transformation from austenite to
martensite and the reverse transformation from martensite to austenite are diffusionless in character and occur
over a temperature range. The alloys exhibit four inherent temperatures, which indicate the beginning and end of
austenite and martensite transformations. These are known as characteristic transformation temperatures.
These temperatures are: My—martensite finish; M—martensite start; A—austenite start; and A—austenite
finish.

The microstructure and morphology of martensites formed were studied using an optical microscope. The
transformation temperatures were determined using a differential scanning calorimeter (DSC) by adopting a
heating and cooling rate of 10°C/min. The polycrystalline samples were analyzed by X-ray diffractometer to
identify the phases formed at room temperature. The strain recovery by SME of the alloys were determined by
bend test on 1 mm thick specimens by measuring the initial and final bend angles just before heating i.e. in the
martensitic phase, and immediately after heating, i.e. in the austenitic phase of the alloys [13].

The specimens for microstructural study were prepared by following the standard metallographic practice.
The polished specimens were then etched using K,Cr,O7 (2 g-K,Cr,07, 8 ml-H,SO,, 4 drops-HCI, 100 ml Water)
etchant. The etched samples were thoroughly cleaned with acetone and the microstructural examination was car-
ried out using optical microscope to study the morphology and the type of martensite formed.
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Figure 1. (a) Isothermal section of Cu-Zn-Ni at 775°C; and (b) Liquid-
ous projections (9).

3. Results and Discussion

3.1. Chemical Composition, Transformation Temperatures and Microstructures of
Ternary Cu-Zn-Ni SMAs

The chemical compositions of the alloys, and the corresponding transformation temperatures, are given in
Tables 1 and 2. Table 1 shows the chemical composition and transformation temperatures of the alloys which
have almost the same Cu/Ni ratio and varying Zn contents. Table 2 shows the chemical composition and trans-
formation temperatures of the alloys which have almost a constant Cu/Zn ratio and varying Ni contents. During
heating martensite transforms to austenite and there is absorption of heat, which is marked by an endothermic
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Table 1. Chemical compositions and transformation temperatures of the alloys with almost a constant Cu/Ni ratio and vary-
ing Zn contents.

Chemical Composition (wt. %) Transformation Temperatures (°C)
Alloy ID
Cu Zn Ni M M As Ay
1 49.27 45.26 5.47 74 90 95 138
2 48.50 45,59 5.82 82 106 105 145
3 48.22 45.63 6.15 88 112 116 152
4 47.67 46.12 6.21 108 115 118 143

Table 2. Chemical compositions and transformation temperatures of the alloys with almost a constant Cu/Zn ratio and vary-
ing Ni contents.

Chemical Composition (wt%) Transformation Temperatures (°C)
Alloy ID
Cu Zn Ni Mg M; A As
5 48.96 48.04 2.96 86 111 101 126
6 49.24 46.86 3.75 72 121 116 143
7 49.27 45.91 4.47 66 132 126 156
8 48.50 45.59 5.82 41 143 143 176

peak. On cooling, austenite transforms back to martensite, and heat is released, which is marked by an exother-
mic peak. The transformation temperature varies with the variation in zinc and nickle contents.

From Table 1 it can be observed that as the concentration of zinc increases the transformation temperatures
decreases whereas Table 2 it can be observed when the concentration of nickel increases there is increase in the
transformation temperatures [14]. From Table 1 and 2, it can also be observed that the martensitic start (Ms) be-
low which the alloy will be completely martensitic and austenitic finish temperature (A¢), above which the alloy
is completely austenitic varies depending on the composition of alloys. Therefore these alloys can be suitably
designed for use in different temperature and also for low temperature applications [15].

Figure 2 shows the X-ray diffraction patterns of the step quenched alloys. It can be observed from Figure 2
that there is complete transformation of austenite to martensite when the alloys are step quenched from 800°C to
100°C followed by quenching to room temperature. Depending on the amount of martensite formed the intensi-
ties of the peaks corresponding to B’ varies. The amount of martensite formed in turn have a detrimental ef-
fect on the shape memory characteristics of the alloys i.e. SME. In all the alloys A martensite is predomi-
nantly formed. It can also be observed that the alloys with lower Zinc content shows formation of A" marten-
site predominantly [Figure 2(a)]. In alloys which have higher contents of Zinc shows formation of y marten-
site. Invariably in all the alloys there is mixture of both types of martensites.

The optical micrographs of the step quenched alloys are shown in Figure 3. The optical micrograph, Figure
3(a), of the alloy shows the presence of austenite in the as-cast alloy. From Figure 3(b) it can be observed that
the alloy with lower zinc content shows formation of lath type A martensite with a thin plate like morphology,
indicating the complete transformation of austenite to martensite. Figures 3(c) and (d) also show the optical mi-
crographs of the Cu-Zn-Ni alloy samples with higher zinc content, where formation of both kinds of martensites
i.e. B martensite and y martensite are formed. The ' martensite morphology is different from that of
B martensite. The y; martensite appears as a spear and also a thick plate-like morphology. In all the alloys it
can be observed that there is a complete transformation of the parent austenitic phase to martensite. The differ-
ent martensitic phases formed in the polycrystalline samples of the step quenched alloys were analyzed using
X-ray diffractometers with Cu-Ko radiation, at room temperature.

3.2. Shape Memory Effect (SME)

The alloys were tested for its shape memory effect by using a semi empirical bend test as shown in Figure 4 [6].
The sheet specimens were bent to a U-shape in its martensitic phase by applying an initial strain of 2% around a
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Figure 2. X-ray diffraction patterns of Cu-Zn-Ni SMAs. (a) Alloy 2; (b) Alloy 4; and (c) Alloy 5.

(d)
Figure 3. Optical micrographs of Cu-Zn-Ni SMAs exhibiting lath type and spear type martensite
structure obtained on step quenching. (a) Alloy 2; (b) Alloy 4; (c) Alloy 5; and (d) Alloy 7.
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Bending/Loading

Figure 4. Schematic diagram of the bend test to determine strain re-
covery by SME.

round bar of diameter 50 mm. The alloys were then heated to above their austenitic finish temperature. The cor-
responding angles of bend before heating and after heating to above their austenitic finish temperature were
measured. The percentage of strain recovery by shape memory effect was determined by using the relation:

SME = On ;
180-6,

t
E=—

d
where 6, = angle recovered on unloading, 6 = angle recovered on heating, d =50 mm, t =1 mm and &= 2%.

e m

In the martensitic phase of the alloys at T < Martensite finish (Mg). The alloys were then heated to above their
Austenite finish (As) temperature. The corresponding angles of bend before heating and after heating to above As
temperature were measured and the percentage of strain recovery was determined. These alloy system exhibit
significant strain recovery by SME to the extent of 70% to 99% as shown in Table 3. The amount of shape
memory depends mainly on the amount of martensite present in the alloy and the extent of transformation of
martensite to austenite.

If there is any residual martensite remaining in the austenite phase of the alloy the strain recovery will be re-
duced proportionately [16]. The other factors which influence the strain recovery by SME are the imperfections
in the material, such as quenched in vacancies, dislocations, etc., which cause the pinning of martensitic plates,
thereby hampering the transformation and in turn the strain recovery. These can be reasonably avoided by step
quenching. But it has been observed, that the alloys with the higher concentration of Zinc and lesser concentra-
tion of nickel exhibit higher recovery strain by SME. It may be attributed to the ease with which the martensitic
to austenitic transformation occurs, and the formation of a higher proportion y, martensite compared with that of
p: martensite in the alloys. This also leads to decrease in the transformation temperatures.

4. Conclusions

1) The type and amount of martensite formed in these alloys are mainly dependent upon the amount of Zinc and
Nickel in the alloys. 3, martensitic phase is predominant in the composition range of the alloys chosen. Two
kinds of martensites are observed in these alloys i.e. B! martensite and y;” martensite with high density of
twins. The A" martensite is formed when the content of zinc is less and y; martensite is formed when the con-
tent of zinc is more in the composition range of the studied alloys.

2) The transformation temperatures are highly sensitive to the variation in zinc concentrations of the alloy. As
the content of zinc increases, the transformation temperatures decrease, whereas as the content of nickel in-
creases, the transformation temperatures increase.

3) The alloys exhibit good strain recovery by SME. A strain recovery of up to 99% by SME was observed in-
these alloys. The variation in zinc and nickel in the alloys concentration does not significantly affect the strain
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Table 3. Strain recovery by SME of Cu-Zn-Ni SMAs.

Composition (wt%)

Alloy ID cu 70 N Strain Recovery (%)
2 48.50 45.59 5.82 70
4 47.67 46.12 6.21 85
5 48.96 48.04 2.96 99
7 49.27 4591 4.47 87

recovery by SME but depends on the amount and type of martensite transformed.
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