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ABSTRACT

Cu-based shape memory alloys are used in various applications due to their attractive
shape memory effect, easier process and cheaper cost. Cu-Al-Ni SMAs are one of the
well-known Cu-based shape memory alloys because of their capability in demonstrating
shape memory effect, damping behaviour, and thermoelastic martensitic transformation.
In this paper, the effect of Ti addition on the phase transformation temperatures and
microstructures of Cu-Al-Ni SMA was investigated. The Cu-Al-Ni alloy specimens were
casted with the addition of titanium (Ti) using an induction furnace. Transformation
temperature of the alloy was studied by differential scanning calorimetry. The evolution
of the phases and microstructures was investigated by using the field emission scanning
electron microscopy corresponding with energy dispersive spectroscopy and X-ray
diffraction. It was found that the addition of Ti in the Cu-Al-Ni SMAs has increased the
transformation temperatures. The results revealed that the addition of Ti led to the
formation of a new phase into the microstructure known as X-phase. From the XRD
result, it was indicated that the X-phase was AINi,Ti and CuzTi compounds. It was also
found that the alloy with 0.7wt% Ti has produced the most effective outcome of the
transformation temperature (Ms: 233.16°C, My. 225.67°C, As: 229.85°C, Ar. 239.25°C)
due to the presence of X-phase in the microstructure. Further study will be carried out to
investigate the application of this material and focus on the application of the material in
damping application.
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INTRODUCTION

Shape memory alloys (SMASs) tend to be unique materials because they can return to their
original shape after deformation upon heating or releasing stress. There are two peculiar
properties called the shape memory effect and Pseudoelasticity or superelasticity that
make the materials unique due to the phase transformation between two phases. The
materials only perform their “remembering” effects when the temperature given to the
material is above their transformation temperature [1-3]. The development of SMAs leads
to their potential uses in medical applications, MEMS, aerospace, and damping and civil
applications [4-7]. There are two common types of SMAs which are NiTi and Cu-based
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shape memory alloys. NiTi alloys usually exhibit better shape memory properties
compared to Cu-based SMA; however, they are very expensive and difficult to fabricate
[8, 9]. Cu-based SMAs tend to be more attractive due to low cost, easy to process, high
thermal stability and shape memory recovery [10, 11]. Among Cu-based shape memory
alloys, Cu-Al-Ni alloys are considered to be more attractive for high-temperature
application due to the small thermal hysteresis and their transformation temperature at
around 200 °C compared to Cu-Zn-Al and Ni-Ti alloys where the maximum
transformation temperature is around 100 °C [12]. The shape memory effects of Cu-Al-
Ni alloys rely on the composition of aluminium and nickel content while the composition
is about 11-14 mass% and 3-5 mass% for aluminium and nickel, respectively [1].
Controlling the amount of aluminium and nickel content in order to affect their
transformation temperature and properties as the transformation temperatures is
particularly very sensitive to the concentration changes [13]. Furthermore, the martensite
phases of Cu based SMAs can be established suchas a1’, B1°, 1" and y1” from their parent
phase, B1 where the phase transformation depends on chemical composition, test
temperature, application of stress, and crystal orientation [14-16]. Yet, for Cu-Al-Ni
SMAs, two martensite structures B1” and y1” are typically obtained and the formations of
these structures are strongly influenced by Al and Ni compositions and combination of
the percentage that depends on the required characteristics for the application.

Nonetheless, the ternary alloys of Cu-Al-Ni SMAs structures are ductile in single
crystal only and generally brittle and have low recovery strain which causes limit to
practical applications [17, 18]. Normally, B phase of Cu-Al-Ni alloy is caused by
intergranular fracture due to its high elastic anisotropy and regular large grain sizes. In
order to overcome this problem, grain size refinement with the addition of alloying
element, precipitation hardening or heat treatment can be used to improve the mechanical
properties and increase their workability and ductility [19-22]. Addition of alloying
element such as Ti, Mn, V, Nb, B or varying the compositions of Al or Ni is one of the
methods to increase the ductility and refine the grain size of these alloys [23]. Sugimoto
proved that the addition of the fourth element Ti to the ternary Cu-Al-Ni alloy obtained
small equiaxed grains compared to the formation of large grains in the ternary cast alloy
and produced the fine spherical particles so-called the X-phase [24, 25]. The aim of this
paper is to study the effect of Ti additions to Cu-Al-Ni SMAS on the phase transformation
characteristics and microstructures using differential scanning calorimeter (DSC), field
emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), and energy
dispersive spectroscopy (EDS).

METHODS AND MATERIALS

Cu-13wt%Al-3.5wt%Ni with the addition of 0.7wt%Ti and 1.3wt%Ti were produced by
melting the pure metals of Cu (99.999%), Al (99.999%), Ni (99.95%), and Ti (99.95%)
in silicon carbide crucible at a temperature of 1300 °C as shown in Figure 1. The ingot
was homogenised at 900 °C for 30 minutes and then quenched in water in order to form
the martensite. The cast ingot was cut into pieces for characterisation. The chemical
compositions for the Cu-Al-Ni-Ti SMAs used inductively coupled plasma mass
spectrometry (ICP-MS) as shown in Table 1. The microstructures of the specimens were
observed by field emission scanning electron microscopy corresponding with the energy
dispersive spectroscopy. The phase and crystal structure of X-phase were determined
using a D5000 Siemens X-Ray diffractometer fitted with CuKa X-ray source with a
locked couple mode, 26 range between 30—75°, and 0.05° sec-1 as the scanning step. In
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order to investigate the microstructure of the alloys, the quenched specimens were ground
with different grit sizes of SiC papers with the following order of 200 pum, 500 pum, and
1000 pm and polished, then followed by being etched in solution of 10 ml HCI, 2.5¢ ferric
chloride acid (FeClz.6H.0), and 48ml methanol (ChsOH). For the phase transformation
temperatures, Perkin Elmer Pyris 6-differential scanning calorimetry (DSC) was
conducted with 10 °C/min for heating and cooling rates along with an inert nitrogen
atmosphere with the flow rate of 20 ml/min.

Figure 1 Casting process.

Table 1. Chemical composition of Cu-Al-Ni SMAs (wt. %).

Alloy Cu Al Ni Ti
A 835 13 35 -
B 828 13 35 0.7
C 822 13 35 1.3

RESULTS AND DISCUSSION

The transformation temperatures of the alloys were determined by using DSC. Figure 2
shows the results of transformation temperature of Cu-Al-Ni SMA with different Ti
additions for the heating and cooling processes. The results of martensite transformation
temperature (Ms and Ms) and austenite transformation temperature (As and Ays) from the
DSC curves are recorded in Table 2. The changes of the characteristic temperature of Cu-
Al-Ni SMAs are due to the variations in their chemical composition [10, 13]. Moreover,
the addition of alloying element will lead to either increase or decrease in transformation
temperatures [26]. As shown in Figure 2, it was observed that the heating and cooling
curves were shifted to the right (higher transformation temperature) where the
transformation temperature increased from base alloy, 1.3wt% Ti addition, and 0.7wt%
Ti addition. It can be explained that the transformation temperature increased when there
was an addition of Ti to the alloy [27]. Furthermore, 0.7wt% Ti addition had the highest
transformation temperature due to its high density of X-phase existence [28, 29].
Therefore, it can also be determined that the transformation temperature increases when
there is a presence of X-phase. Apart from that, there was a small peak on the cooling
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curve for each of the alloys after the main peak and this phenomenon did not happen in
the heating curve. This is because the inter-martensitic transformation occurred and can
be inhibited during heating.
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Figure 2. DSC curves of the Cu-Al-Ni SMA with different compositions of Ti addition
(a) Heating, and (b) Cooling.

Table 2. Transformation temperatures of Cu-Al-Ni SMAs.

Alloy Transformation Temperatures/°C
Ms Mf As Af

A 225.03 220.21 223.61 235.02

B 23316 225.67 229.85 239.25

C 23196 22254 223.70 23491
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Figure 3. FESEM micrographs (a) Cu-Al-Ni, (b) Cu-Al-Ni-0.7wt%Ti, (c) Cu-Al-Ni-
1.3wt%Ti.

In order to study the effect of Ti addition to the Cu-Al-Ni SMA, the microstructure
was investigated by using FESEM as shown in Figure 3. From the figure, martensite phase
can be seen obviously for all the microstructures in different morphologies and many
precipitations are formed in Figure 3(b) and 3(c) which consist of the addition of the
fourth element of 0.7wt% Ti and 1.3wt%Ti, respectively. Two different types of
martensite could be observed among the three alloys; the self-accommodating zig-zag
morphology groups of f1” martensite and course variants y1” martensite [30]. As reported
by Tadaki, the martensite phase was disordered 18R (B1") for 11-13wt% Al and 2H(y1")
for more than 13wt% Al [31]. Therefore, both coexisted martensite phases were
considered to be present. Furthermore, there was a lot of precipitation found in the
microstructures of Figure 3(b) and 3(c) which accumulated at the grain boundaries and
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restricted grain growth. The grain size of Cu-Al-Ni, Cu-Al-Ni-0.7wt%Ti, and Cu-Al-Ni-
1.3wt%Ti was about 1500 pm, 700um, and 900um, respectively. In other words, these
results proved that the grain size was reduced after Ti addition. This is attributed to the
formation of precipitates that abstained the nucleation and grain growth by the pinning
effect [32]. Therefore, this shows that the addition of Ti contributed to grain size
refinement. Figure 3(b) shows the microstructure of Cu-Al-Ni with 0.7 Ti addition, where
the precipitations were formed with an irregular shape [29] and distributed in the matrix,
on grain boundaries or inside the grains. In addition, these precipitates so-called X-phase
[28, 33] represented the white dots in the microstructure. With the increasing composition
of Ti to 1.3 wt% observed in Figure 3(c), the precipitations accumulated and became more
elongated or rod-like, which was not peculiarly located at grain boundaries [20].
Furthermore, the volume fraction of X-phase increased with the increasing percentage of
Ti. It also indicated that the precipitation density increased with the increasing percentage
of Ti. Corresponding to the analysis of EDS on the X-phase area shown in Figure 4, it
was indicated that the concentration of Ti in X-phase area was rich (spectrum 1), and the
microstructure also consisted of Ti (spectrum 2) which showed that Ti was diffused in the
microstructure and also created the grain boundaries. These boundaries became the
obstacle to the growth of B1". Therefore, the reduction of grain size also led to a reduction
of martensite plate boundaries due to the interface mobility.

Spectrum 1 Spectrum 2

Element| wt% | at% : Element | wt%e | at%

Cu 46.8 |36.71 1 Cu 80.5 |66.21
Ti 21.6 |22.59 3 Al 15.4 |30.03
Ni 18.1 |15.40 1 Ni 36 | 321
Al 13.6 |25.29 1 Ti 05 | 055
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Figure 4. EDS analysis of Cu-Al-Ni-1.3wt%Ti (a) Micrograph, (b) Spectrum 1,
(c) Spectrum 2.
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Figure 5 shows X-ray diffraction patterns of Cu-Al-Ni SMA with and without the
addition of Ti at room temperature in order to investigate its effect on the phase
transformation characteristics. In Cu-Al alloys, the martensite phase changed from " to
y1" and P1” with increasing Al content. According to the matching process with the
standard of JCPDS, there were two martensite phases, y1” and B1” in Cu-Al-Ni SMA that
can be confirmed by proving the peak pattern. The peak of (200) represented yi’
martensite and generally the other peaks were performed as f1” martensite. By comparing
the diffraction patterns for alloy A, B, and C, there was a slight change after the addition
of Ti. The peaks of (122), (202), (0018), (128), (1210), (2010), (208), (040), and (320)
which represented the p1” martensite for alloy B and alloy C were shifted to the left. This
is attributed to the Ti addition. Furthermore, there were two peaks that appeared at 2-theta
of 57.99° and 63.54° which were (212) and (400), respectively in alloy B and C. This
indicated that the compound of CusTi and AINi2Ti belonged to X-phase.
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Figure 5. X-ray diffraction patterns of alloy A (Cu-Al-Ni), alloy B (Cu-Al-Ni-
0.7wt%Ti), and alloy C (Cu-Al-Ni-1.3wt%Ti).

Table 3. Lattice Parameters of Cu-Al-Ni SMA with and without addition of Ti.

Alloy alA b/A c/A alb

A 4.421 5.246 37.914 0.845
B 4.434 5.344 37.823 0.857
C 4.440 5.310 38.012 0.850

XRD analysis confirmed the presence of the monoclinic phase of lattice
parameters for all alloys and is shown in Table 3. The lattice parameters can be
determined by the following relation [34]:

1 1/( R +k2 N 1/ 12 2hl cos B
d2  a?\sin2B)  b% c?\sin2p

 acsin B

(1)
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where d is the spacing distance; a, b, and c are lattice parameters, and hkl are miller
indices; and B is the angle. The lattice parameters were determined from the XRD patterns
as presented in Table 3. The a/b ratio was also calculated and is presented in Table 3.
Lattice parameters were studied on the monoclinic structure of y1” and B1” phases from
XRD patterns which are similar to the previous works [26, 29]. This confirms that the
structure was monoclinic 18R martensite as the a/b ratio was less than V3/2 [35]. This is
due to the high temperature of B phase developed into a DOz structure and then further
transformed into 18R martensite structure during rapid cooling process [36].

CONCLUSIONS

The purpose of the current study was to determine the addition of alloying element, Ti to
the Cu-Al-Ni shape memory alloy. The effect of this element addition on the
transformation temperature and microstructure was investigated and the conclusions are
as follows;

i) There was a shift in the transformation temperatures of the alloy with Ti addition.
Significant changes on the transformation temperatures (Ms: 233.16°C, Mg
225.67°C, As: 229.85°C, Ar: 239.25°C) were obtained for the alloys with 0.7
mass% of Ti additions due to the presence of X-phase in the microstructure.

i) The martensite obtained was found as 18R type with monoclinic structure from
XRD result. A new phase namely, X-phase was found present in the
microstructure with the addition of Ti. The compound of X phase were indicated
as AlINi2Ti and CusTi from XRD. In addition, the alloy with 1.3wt% Ti created
the elongated X-phase at the grain boundaries.

Further study will be carried out to investigate the application of this material and
focus on the application of the material in damping application. Dynamic mechanical
analysis (DMA) and cyclic test will be conducted to measure the damping parameters.
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