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Abstract: The microstructure and properties of nanostructured Cu-13.2A1-5.1Ni shape memory alloy (SMA) were compared with
those of initial coarse structure. The nanostructured Cu-Al-Ni ribbons were produced via rapid solidification using melt spinning
technique. The structure and properties of both nanostructured and coarse-grain specimens were then characterized using XRD, SEM,
AFM and DSC techniques. According to the obtained results, the nanostructured ribbons show one way shape memory effect.
Besides, the formation of nanoparticles of y, (CugAly) and the nanograins results in a significant decrease in the martensite«>austenite
transformation temperature. The produced nanostructure not only leads to a considerable increase in the recovered deformation but
also results in the structure stability when it is subjected to deformation-recovery cycles.
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1 Introduction

The shape memory alloys such as Cu-based binary
and ternary (Cu-Zn, Cu-Al, Cu-Zn-Al and Cu-Al-Ni) and
Ni-Ti are usually used as functional actuators and sensors
[1]. Compared these two groups, the Cu-based shape
memory alloys (SMAs) exhibit inferior mechanical
properties and lower shape memory effect attributed
mostly to the coarse grains of Cu-based SMAs [2—3].
Thus, by modifying the microstructure, the
aforementioned properties of the Cu-based SMAs can be
improved. Regarding the grain refinement, one practical
approach is using rapid solidification technique [4]. On
the other hand, from the industrial point of view, the
Cu-based SMAs are much more economical than Ni-Ti
alloys due to their lower manufacturing costs as well as
their easy production.

One practical way to significantly modify the
structure is rapid solidification method. Among the rapid
solidification techniques, melt spinning is a well known
approach exhibiting unique advantages in refining the
microstructure [5]. During melt spinning, a very high
cooling rate of 10°~107 K/s can be achieved readily [6].
In such a case, the solidification can take place in
milliseconds. DEHGHANI et al [7-8] reported that the

nanostructures produced by melt spinning exhibited a
significant improvement in homogeneity and segregation,
the appearance of metastable phases, a considerable fine
dispersion of secondary phase, and an increase in the
solid solubility.

The aim of the present work was therefore to study
the effect of nanostructured Cu-13.2%Al-5.1%Ni on its
shape memory effects. Besides, the structure and
properties of both nanostructure and coarse-grain
specimens were characterized and compared using X-ray
diffraction (XRD), scanning electron microscopy (SEM)
and atomic force microscopy (AFM) techniques.

2 Experimental

The material used in the present study was
Cu-13.2%Al1-5.1%Ni shape memory alloy. The alloy was
prepared using a high-frequency induction furnace under
argon atmosphere. Then, the samples of 60 mmx30
mmx0.9 mm were prepared from the cast ingot. The
specimens were then solution treated at 950 °C (i.e. in
fS-phase region) for 1 h followed by water quenching to
obtain an ordered metastable 5 phase.

The melt-spun ribbons were produced by injecting
the melt onto a rotating copper wheel of 280 mm in
diameter. The wheel speed was set at its highest amount,
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around 40 m/s, to apply the highest cooling rate possible
which was about 107 K/s. The thickness of produced
ribbon was about 20 pm. The melt-spinning process is
schematically shown in Fig. 1.
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Fig. 1 Schematic of melt spinning process

The melt-spun specimens were etched using a
solution consisted of 96 mL methanol, 2 mL HF and 2 g
FeCl;. The nanostructure ribbons were then characterized
using a Philips-XL30 scanning electron microscope
equipped with an energy-dispersive X-ray analyzer. The
XRD patterns were also used to identify the formed
phases. The XRD measurements were carried out in an
X-Pert-Pro 2001 diffractometer using Cu K, radiation
operated at 40 kV and 20 mA. The transformation
temperature of martensite<>austenite regarding the
coarse grain and nanostructured samples was determined
by differential scanning calorimetry (DSC) technique.
The DSC measurements were carried out at the
temperature range of 50—250 °C using Q100 model
thermal analyzer. The employed heating and cooling rate
was 10 °C/min.

To compare the shape memory effect of
nanostructured ribbons and coarse grain samples, they
were bent 90° around a cylinder having a diameter of D
(Fig. 2). To measure their recovery, as a criterion for
shape memory effect, the bent specimens were heated to
250 °C in an oil bath.

The applied deformation or strain (¢) and the

Fig. 2 Arrangement of shape memory effect measurement

recovered shape memory (1) were calculated as follows
[9-11]:

[ t
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where 6 is the residual angle, ¢ is the specimen thickness
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and D is the diameter of cylinder used for bending test.

3 Results and discussion

3.1 Microstructure

Figures 3(a)—(d) illustrate respectively the X-ray
diffraction (XRD) patterns taken from the as-cast coarse
structure, solution treated specimen (soaking at 950 °C
for 1 h followed by water quenching), wheel side as well
as the free side of melt-spun ribbons.

Considering Fig. 3(a), the XRD result confirms the
presence of y, (CugAly) compound and o (Cu-Al-Ni)
solid solution. This indicates that § phase undergoes the
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Fig. 3 XRD patterns of as-cast sample (a), solution treated at
950 °C for 1 h and water quenched (b), wheel-side (c) and
free-side of melt-spun (d): 1— g (11 2); 2— B'1(202);
3 — B1(0018), f1(220); 4 — p1(12 8 ); 5 — f(208);
6—/1(20 10 ); 7—p1(222); 8—/41(20 16 ); 9—p1(1220);
10—p,(400); 11—p',(040); 12—p'1(320); 13—p"(12 26 );
14—p"1(3212), p1(422)
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eutectoid decomposition of f—a+y, due to slow cooling
rate. Figure 3(b) shows the XRD pattern of the sample
solution treated at 950 °C for 1 h followed by water
quenching. Obviously, the matrix consists of a and S
martensite that has the monoclinic 18R structure. Figures
3(c) and (d) present the X-ray diffraction patterns taken
from the both sides of the nanostructured samples. In this
case, the phases present in the structure are identified as
1 and /') that are in consistent with the results reported
by other researchers [12]. The low intensity of the S,
peaks indicates that there is some untransformed
austenite phase. No peak related to the intermetallic
phase of Cu, Al and Ni was observed. However, the
absence of peaks concerning the intermetallic phases
may not point out to the lack of these phases. This is
because the detection limit by X-ray diffraction
technique is typically about 5% (volume fraction) [13].
Thus, the absence of the intermetallic peaks implies the
extended solid solubility of elements such as Al and Ni
in the matrix.

The size of grains formed in melt-spun ribbons was
determined using the following equation [14]:

KA
pcosb

3)

where K is a constant that depends on the crystallite
shape and is about 0.89; 4 is the wavelength (Cu K,
radiation); f is the full width at half max (FWHM) and 6
is the Bragg angle. Using Eq. (3), the grain size (d) was
determined to be about 72 nm for wheel side and 124 nm
for free side of melt-spun ribbons.

Figures 4(a) and (b) present respectively the optical
microstructures of conventional as-cast sample and
solution treated specimen followed by water quenching.

As obvious, the initial coarse structure is quite
different from that produced by solution treated followed
by water quenching. In case of as-cast structure (Fig.
4(a)), the particles distributed in a matrix are mostly
intermetallic y, phase. There is no sign of martensite
plate in the as-cast structure. However, in case of
solution treated specimen (Fig. 4(b)), the martensite
plates, identified as f'; [15], exhibit different orientations
in different grains. For example, the V-shape martensite
is formed in some regions, while in other areas within the
matrix, needlelike martensite can be observed, as shown
in Fig. 4(b).

Figure 5 shows the morphological images of the
melt-spun Cu-Al-Ni ribbon.

The optical micrograph taken from the thickness of
the melt-spun ribbon is presented in Fig. 5(a); whereas,
the cross-sectional microstructure of nanostructured
ribbons is observed in Fig. 5(b). In general, two distinct
structures can be recognized: a featureless structure
formed on the chilled side of the ribbons, and a columnar

Fig. 4 Optical micrographs of Cu-13.2%A1-5.1%Ni: (a) As-cast
sample; (b) Solution treated at 950 °C for 1 h and then water
quenched

i "

Fig. 5 Morphological images of as-spun Cu-Al-Ni ribbon: (a)
Optical micrograph of ribbon; (b) SEM image of transverse
section of melt-spun ribbon; (c) SEM image of nanograin
formed in melt-spun ribbon
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one regarding the free side of specimen. The featureless
zone is a unique region formed due to rapid solidification
of present alloy. The featureless term is used because of
significant grain refining, leading to the formation of
nanograins in this zone. Thus, the nanograins are formed
as a result of rapid solidification at very high cooling rate
of about 10" K/s [7-8, 16]. The columnar zone consists
of columnar grains oriented vertically to the wheel
surface and in the direction of heat flow. The coarse
grains are not observed in the melt-spun ribbons. The
absence of equiaxed region can be somehow attributed to
the absence of both second phase particles at the grain
boundaries [17] and solute pile-up ahead of solidification
interface. The latter causes constitutional super cooling.
The SEM image of nanograins formed in melt-spun
specimen is illustrated in Fig. 5(c).

In another approach, the nanostructure of the
as-spun Cu-Al-Ni ribbon was also investigated by AFM
technique to confirm the formation of nanograins. The
AFM images taken from the produced Cu-Al-Ni ribbon
are observed in Fig. 6. These micrographs confirm
clearly the formation of nanosized grains.
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Fig. 6 AFM micrographs confirming formation of nanograins
in melt-spun ribbon: (a) 2D topography; (b) 3D topography

The microstructures of conventional as-cast
specimen and melt-spun ribbons are compared in Fig. 7.
In case of melt-spun structure, there are some
nanoprecipitates. Figure 8 illustrates the EDX pattern
taken from the nanoprecipitates. The EDX results
confirm the presence of nanoparticle y, (CugAly) formed
during the melt spinning process. According to the EDX
results, although the nanoparticles are rich in Ni
(containing about 4.9% Ni) but their Ni content is still
lower than that of matrix with 5.1% Ni. According to Fig.
7(b), nanoparticles are very fine dispersed within the
matrix having an inter-particle spacing of about 300 nm.
By contrast, in case of coarse structure, the y, particles
exhibit a coarse dispersion with the average size of 0.8
pum (Fig. 7(a)).

A major concern regarding the nanostructured
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Fig. 7 SEM micrographs of y, precipitates: (a) Conventional

structure indicating microsize j, precipitates; (b) Melt-spun
structure indicating nanosize y, precipitates
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Fig. 8 EDX pattern of melt-spun foils indicating nanosize y,

precipitates
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materials is their thermal instability. That is because
there is a large driving force for grain growth due to the
high volume fraction of grain boundaries, especially at
elevated temperatures. The instability of nanograin
materials, which leads to the grain growth, is deleterious
to the mechanical properties of these materials. However,
a very fine dispersion of nanosized particles can
significantly prevent the grain-boundary mobility by
exerting a pinning force on the grain boundaries, as
reported by DEHGHANI et al [7—8]. This phenomenon
is known as Zener pinning. In the present work and in
case of nanostructured specimens, the Zener pinning
raised from the nanoparticles can exert a strong force on
the grain boundaries to prevent their growth/mobility.
The formation of nanosized y, (average size of 25 nm)
can significantly pin the grain boundaries to inhibit their
motion. By contrast, in case of the specimen solution
treated at 950 °C for 1 h followed by water quenching,
the particles are too coarse (0.8—1.0 um) to exert Zener
drag.

3.2 Transformation temperature

The transformation characteristics of initial and
melt-spun samples are evaluated using DSC technique.
Figure 9 compares the DSC results (on heating and
cooling) of the solution-treated and melt-spun specimens.
In both cases, an exothermic peak during the cooling
(martensitic transformation) and an endothermic peak
during the heating (reverse martensitic transformation)
are observed. However, the characteristics of DSC
curves indicate that the transformation temperatures in
case of nanostructured samples are shifted towards lower
temperatures comparing with the coarse one. Besides, the
peaks become smaller and wider in case of
nanostructured specimens.
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Fig. 9 DSC curves of conventional structure (a) and
nanostructured samples (b)

The transformation temperatures regarding the
nanostructure specimens and those of initial structures
are summarized in Table 1. Referring to Fig. 9, the

following mechanisms can be responsible for the
differences in the DSC results of both cases.

Table 1 Transformation temperature (°C) characteristics of

melt-spun ribbons and conventional sample

Cu-13.2%A1-5.1%Ni A A M; M;
Ingot 166 218 131 70
Melt-spun 157 185 104 55

1) The rapid solidification due to the high cooling
rate can produce extensive dislocation densities which
can in turn provide numerous heterogeneous nucleation
sites for martensite formation.

2) Considering the dependence of martensite
formation on internal stress [18], it is expected that the
significant internal stresses in case of nanostructured
case [19] will enhance the formation of martensite phase.

3) Grain size is another important factor that can
significantly affect the martensite transformation. In
general, for the materials experiencing martensite
transformation, the ones with finer grains can result in
smaller martensite-plate size [18]. Besides, as the grain
size of parent phase decreases, the martensite
transformation can be fully or partially suppressed [20].
This is justified by inverse relation between the shear
strength of parent phase and grain size.

4) Applying a high cooling rate results in a great
vacancy concentration which in turn enhances the
ordering transformation. An order structure exhibits more
sharing strength, consequently, it offers more resistance
to martensitic transformation. It is reported that ordering
process, occurred due to high cooling, can result in a
decrease in martensite transformation temperature [21].

Therefore, all the aforementioned mechanisms can
somehow contribute to the behavior illustrated in Fig. 9
though the decrease in transformation temperature
implies that grain size and ordering process can have
more contribution in this regard. This is in consistent
with the work of FONT et al [22] who found a decrease
in the transformation temperature after the rapid
solidification by melt spinning.

3.3 Shape memory effect

The shape memory effects of solution-treated
sample and melt-spun one were measured using Eqs. (1)
and (2). The results are compared in Fig. 10. These
samples were strained to 1%, 3% and 5% followed by
recovering at 250 °C. It is of significant importance that,
in case of nanostructured samples, the recovery of shape
memory is about 100% and it remains at this level even
after 100 deformation-recovery cycles. In case of
solution- treated (soaking at 950 °C for 1 h followed by
water- quenching) samples, the shape memory recoveries
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are 58%, 44%, and 28% after 1%, 3%, and 5%
deformation, respectively.
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Fig. 10 Shape memory recovery of nanostructured and
conventional structures as a function of bending and heating
cycles: (a) Deformation strain 1%; (b) Deformation strain 3%;
(c) Deformation strain 5%

The much smaller recoveries in case of coarse
samples can be attributed to the occurrence of
intergranular fracture because of its coarse grain. The
occurrence of intergranular fracture is pronounced not
only by coarse grains but also by grain boundary
segregation [23]. Comparing with the past works,
although there are some works on producing the CuAINi
alloy by melt spinning [4, 22, 24], none of them reported
the formation of nanostructured Cu-based shape memory
alloy. Besides, in some cases, the researchers performed
an additional treatment to enhance the shape memory
effect of this alloy. For example, LOVEY et al [25]
reported that they conducted an additional heat treatment
to enhance shape memory effect of CuAINi alloy.

However, the applied treatment resulted in extensive
grain growth.

According to the obtained results, not only the
nanostructured Cu based shape memory alloy was
produced by melt spinning, but also significant increase
in shape memory effect was observed comparing with
the coarse structure of this alloy. Besides, the
pronounced nanostructure exhibits significant structure
homogeneity due to rapid solidification.

4 Conclusions

1) The structure and properties of nanostructured
Cu-Al-Ni shape memory alloy (SMA) are compared with
the coarse structure of this alloy. The nanostructured
Cu-Al-Ni SMA exhibits unique properties comparing
with its initial cast structure.

2) The nanostructure obtained by melt spinning
technique results in remarkable enhancement of shape
memory properties in comparison to coarse-grain
structure. That is because the nanoparticles and
nanograins produced by melt spinning exhibit significant
effects on the properties and the structure stability of
nanostructure Cu-Al-Ni SMA. Besides, the produced
nanostructure can lead to excellent structure
homogeneity.
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