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1. Introduction

Abstract

In this study, the shape memory effect characteristics of a ternary CuAINi shape memory
alloy (HTSMA) ribbons produced by melt spinning method was investigated by
performing thermal and structural measurements. To investigate shape memory effect
properties of the alloy ribbon some isothermal calorimetry, structural and shape
recovery ratio tests were performed. The differential scanning calorimetry (DSC) test
result showed the peaks of the reversible martensitic phase transformations occurred in
a high temperature region (in between ~192°C - 293 °C) during the heating and cooling
processes of the CuAINi alloy ribbon. The hysteresis gap of the ribbon alloy was found
narrow (20.77 °C). Some other related thermodynamical parameters parameters of the
alloy were determined, too. The differential thermal analysis (DTA) measurement taken
from room temperature to 900 °C revealed the sequenced multiple solid solid phase
transitions in the high temperature -phase region and this was found as compatible
with the common behavior of the Cu-rich alloys. Theoretical pre-assesment on the
martensite phases of the alloy was deduced from the calculated average valence electron
concentration (e/a) value (1.54) of the alloy and this was proved by structural XRD test
performed also in room conditions. The X-ray diffraction pattern of the alloy revealed
the presence of the volumetrically dominant y1’ martensite phase over the collateral
secondary 31’ martensite phase in the alloy. A shape recovery performance test upon
thermomechanical bending was performed on the alloy, too.

Shape memory alloy (SMA) ribbons are extensively demanded due to the useful functionalities of such
miniaturized SMAs in the related integrated micro-controllers and micro-electro-mechanical systems (MEMS)
applications such as microactuators, microgrippers, microvalves etc. [1, 2]. Melt spinning (Figure 1) is an easy
manufacturing method and by this method very thin columnar SMA ribbons with very small grain sizes can be
directly obtained even without doing a further heat-treatment homogenization and quenching (rapid cooling)
processes [2, 3]. Moreover, by this manufacturing method the maximal reversible strain in longitudinal direction
can be increased, too [4].

The low-cost Cu-based SMAs are generally regarded as the best alternative to the most commercial NiTi SMAs
with superior shape memory alloy properties but much higher costs. Plus, Cu-based SMAs have high
transformation temperatures, better thermal and electrical conductivity, and also large recoverable strain [5]. As
concerning to find alternative SMAs with high transformation temperatures (above 100 °C) or named as high
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temperature SMAs (HTSMAs), the CuAINi SMAs are seen the best option among the other Cu-based SMAs due to
their high thermal stability [3, 4]. But the polycrystalline CuAINi SMAs exhibit poor mechanical properties due to
their brittleness caused from large grain sizes. Producing CuAlNi alloys in ribbon forms by melt spinning method
is established one of the ways for grain refinement.

The transformation temperatures of SMAs are ultimately sensitive to chemical composition, even very small
differences in alloying compositions can enormously change the transformation temperatures. Hence,
transformation temperatures demanded in various SMA (and HTSMA) applications can be regulated by tuning
alloy composition.

In this work, the ternary CuAINi HTSMA ribbons were manufactured by melt spinning method. Without doing
any further heat-treatement and quenching procedures on the ribbon alloy, the shape memory effect
characterization was made by thermostructural DSC, DTA and XRD tests and thermo-mechanical shape recovery
performance test on the alloy ribbon was also carried out.
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Figure 1. Schematic illustration of a free jet melt spinner [3]
2. Method

The CuAINi SMA ribbons with a new alloy composition of 71.08Cu-25.04Al-3.88Ni (at%) or 82.5Cu-12.34Al-
4.16Ni (wt%) were fabricated by melt spinning method. In this process, at first, the powders of the alloying Cu, Al,
and Ni elements with high purity (%99.99) were mixed and then the pellet forms of this powder mixture were
obtained by applying pressure. Then the pellets were melted via melt spinning procedure by using an Edmund
Buehler melt spinner system in argon atmosphere to prevent oxidation of alloy ribbons. Thus, the CuAINi alloy
ribbons with 15 um thickness and ~5 mm width was successfully produced. The test specimens of the obtained
melt spun alloy ribbons were prepared by cutting them properly for the measurements. A Shimadzu 60A label DSC
instrument was utilized for performing the DSC test taken at a single heating/cooling rate of 25 °C/min under 100
ml/min constant argon gas flow. Under same gas flow and also at a single 25 °C/min of heating/cooling rate, the
cyclical DTA test was carried out by using a Shimadzu DTG-60AH system in between room temperature and 900
°C. The shape recovery performance test of the alloy ribbon upon bending load was performed and the shape
recovery ratio between the deformed martensitic shape (storage state, S) of ribbon and the recovered austenitic
shape (recovery state, R) formed by applied heat on the deformed ribbon was calculated by using the determined
position angles of two shape states. The alloy composition was detected by a Zeiss Evo MA10 model EDX
equipment under room conditions. By using CuKa radiation the X-ray diffraction (XRD) test made at room
temperature by using a Rigaku RadB-DMAX II diffractomer displayed the diffraction peaks planes reflected from
the atomic crystal planes of the martensite structures at room temperature.

3. Results

The thermocyclical DSC test result of the CuAlINi ribbon obtained at a single heating/cooling rate of 25 °C/min
is given as graphic of DSC heat flow (mW) versus temperature (°C) axis in Figure 2-a, and the same graphic drawn
out on time axis in Figure 2-b. As seen on the both version of the DSC graphic, the correspondent up-exo (on
cooling) and down-endo (on heating) peaks observed at between ~192 °C and ~293 °C indicates the backward
austenite to martensite (A—M) and forward martensite to austenite (M—A) phase transformations, respectively.
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Figure 2. The DSC test result of the produced CuAINi SMA ribbon; a) the DSC heating/cooling curve (thermogram)
cycled on temperature axis, b) the same DSC curve drawn out on time axis and with data insets of the analysed
forward and backward martensitic transformation peaks. In these peak analysis data insets, which were
automatically inserted by DSC analyser program applying tangent method on the selected area of a peak, the onset
temperatures are the phase start temperatures (Asand Ms), the endset temperatures are phase finish temperatures

(Arand Ms) and the enthalpy change values (J/g) as integral of transformation peak areas were also directly given
at the bottom of these data insets.
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For this reversible martensitic transformation, the characteristic phase start and finish temperatures (As, As,
Ms, and Mg), the maximum temperature M—A peak (Amax) (actually here this is the minimum in the case of endo-
peaks seen in the tests made by Shimadzu DSC instrument), the hysteresis gap (As-Ms), the equilibrium
temperature (To), the enthalphy (AHm-4) and entropy (ASw-a) change amounts for M—A transformations were
obtained and tabulated in Table 1.

Table 1. The charactersistic martensitic transformation temperatures and some related kinetic parameters of
the CuAINi HTSMA ribbon.

Heating/cooling As Ar Amax Ms Ms As-Ms To AHm-a ASm-a
rate (0 Q) (9 (9 Q) (9 Q) (/8) 1/£:49)
(°C/min)
25 213.52 293.78 251.71 215.09 192.75 20.77 254.44 4.75 0.01867

Apart from the DSC result, an emprical formula (Equation 1) [4] is given for making an estimation of the Ms
temperature of CuAINi alloys;

M,(°C) = 2020 — [134 x (Wt. %AD] — [45 x (Wt. %Ni)] (1)

By substituting the mass percentage (wt.%) values of Al and Ni alloying elements in the Equation 1, the Ms
temperature of the produced CuAINi HTSMA ribbon was found as 179.24 °C and this value was found close to the
M;s value (215.09 °C) determined by DSC analysis (given in Table 1). The reason of the difference between these
two Ms values may be caused from the DSC test and the cooling rate or the presence of small local composition
diversities in the ribbon alloy (without making post heat treatment and quenching after melt spinning, some
hypoeutectical precipitations may be remained in the alloy ribbons, and this is going to be shown in the XRD result
section ahead).

The equilibrium temperature (To) is an important kinetic parameter for SMAs. It is the temperature at where
the chemical Gibbs free energy (G) values of two austenite and martensite phases are balanced, meaning that at
this temperature there is zero driving force can trigger the alloy to make transform to any one of the two opposite
phases [6]. By using To=0.5x(As+Ms) formula [6] the To value of the ribbon alloy was found as given in Table 1. The
entropy change (ASm-a) of the endothermic M—A transformation was found by using ASy-a =AHwm-4 /To relation
[6, 71.

The DTA cyclic curve of the CuAlNi alloy ribbon obtained at the single running heating/cooling rate of 25
°C/min is presented in Fig.3. According to this figure, on the heating fragment of the DTA curve, the appeared
sequential peaks indicated the multiple phase transformations of “B1(austenite,
L21)—B2(metastable)—precipitating(a+y2)—eutectoid recomposition (of the
precipitates)>B2(ordered)—»A2(disordered)”throughout of the high temperature (B-phase region, which is a
common behavior of Cu-based alloys. [6, 7].

The average valence electron concentration per atom (e/a) value of Cu-based SMAs can give some pre-
knowledge about the formed martensite phases with their volumetric comparison in those alloys. By using
e/a=Y.fivi formula [7], where f; is the each atomic fraction (at.%) of the alloying elements and v: represents the
corresponding valence electron numbers of these elements. This e/a value found higher than 1.49 implies that the
hexagonal y1’(2H) martensite phase should have dominantly formed in the alloy over monoclinical f1'(M18R)
martensite phase [6, 7]. This theoretical prediction is to be proved by the result of structural X-ray diffraction test
performed on the alloy ribbon as given in Figure 4.

The XRD pattern of the alloy ribbon is given in Fig.4. The highest y1’(211) martensite peak seen on this X-ray
diffraction pattern shows a little dominancy of this martensite phase over the 1’ martensite, and this affirms the
prediction made by e/a value of the alloy ribbon. The other observed peaks on the XRD pattern are some other
martensite phases of y1’ and 1’, 1, and precipitates of y1, y2, and aCu [5, 8-15]. These complex and short peaks
including many small precipitation peaks indicate the high polycrystalline nature of the alloy ribbon matrix. This
was also caused because of not making a post-heat-treatment after melt spinning process.

The thermomechanical bending test upon loading, unloading and recovering by heat was performed to test the
shape memory recovery ratio (1) value of the ribbon alloy. The images of this test is given in Figure 5-a and Figure
5-b. A formula [16]to calculate the shape recovery ratio (1) is given in Equation 2;

Or

=—R® %100 2
180 — 6, (2)

n
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where; 6. is the angle (determined as ~20°, in Figure 5-b) in between loaded bending and unloaded plastically
deformed (martensite) shape position, and 6z angle (determined as ~50°, in Figure 5-b) between the unloaded
shape position and original shape (R, recovery) position of the alloy ribbon. Thus, the shape recovery ratio (1) of
the melt spun CuAINi HTSMA ribbon was found as ~%31.25 this value could be enhanced more by optimizing test
conditions. Also, the alloy ribbon was tended to fracture very much during the bending process, mostly because of

its very small thickness.
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Figure 3. The cyclic DTA heating/cooling curve of the CuAINi SMA ribbon displays the multiple phase
transformations of “B1(austenite, L21) -»B2(metastable)—precipitating(a+y2) —eutectoid recomposition (of the
precipitates) -»B2(ordered) —A2 (disordered)” throughout of its high temperature -phase region, which is a

common behaviour of Cu-based alloys.
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Figure 4. The XRD test result of the produced CuAINi HTSMA ribbon. The main y1’(211) martensite peak seen on
this X-ray diffraction pattern shows the dominancy of this martensite phase over the 1’ martensite.
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(b)
Figure 5. The shape recovery performance test of the CuAINi HTSMA ribbon. a) as pictures of unloaded ribbon in
deformed martensite state and after recovery induced by heat, b) same pictures with determined 6. angle between
the loaded and unloaded (plastically-deformed) martensite shapes’ positions and 6r angle between unloaded
shape position and original austenite shape (R, recovery) position.

4. Conclusion

In this work, the CuAINi HTSMA ribbons with 15 micrometer thickness were successfully manufactured by melt
spinning method. The shape memory effect characterization of HTSMA ribbon was implemented by performing
thermal DSC/DTA, structural XRD tests, the shape recovery performance of the alloy was tested by making thermo-
mechanical bending test. The DSC test showed the alloy ribbon having a shape memory effect property based on
the martensitic phase transformation occurred at between ~192 °C and ~293 °C and this range. The DTA test
revealed the alloy ribbon’s behaviour in high temperature f-phase region as compatible with the common
behaviour of the Cu-based alloys. The XRD peaks showed the polycrystalline structure of the alloy including the
dominat hexagonal 2H martensite phase in the alloy ribbon at room temperature. The shape recovery ratio of the
melt spun CuAINi HTSMA ribbon tested by thermomechanical bending was found as ~%31.25, which can be
optimized. In conclusion, this melt spun HTSMA ribbon with a new composition may be used in various
miniaturized HTSMA applications such as thermo-electro-mechanical systems, microactuators and related
applications.
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