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Abstract. Shape memory alloys (SMAs) are capable of many applications in the fields of biomed-
ical, aerospace, microelectronics, automation, for examples, orthodontics, stents, bone anchors,
automatic valves, heat sensors, nanotweezers, robots... In this paper, we present an overview of
current research of SMAs and our initial results obtained on Ni-Ti based alloys of Ni-Ti, Ni-Ti-Zr-
Cu-Cr, Ni-Ti-Zr-Cu-Co, Ni-Ti-Zr-Cu-Nb and Ni-Ti-Zr-Cu-Hf prepared by melt-spinning method.
The existence of martensitic phases with B19’ structure type and austenitic phases with B2 struc-
ture type at room temperature depends on the composition of the alloys. The structural transforma-
tion from B19’ to B2 in the temperature range of 60-80˚C has been observed by high-temperature
XRD patterns and DSC curves. With addition of Zr, Cu, Cr, Co, Nb and Hf elements, the structural
transformation in Ni-Ti based alloys happens at higher temperature, in regions of 500 - 650˚C.
The B19’-R-B2 intermediate transformation has been observed in the Ni-Ti-Zr-Cu-Cr sample.
The shape memory effect of some samples were directly examined.

Keywords: shape memory effect; shape memory alloy; high entropy alloy; structural transforma-
tion; melt-spinning method.
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I. INTRODUCTION

Shape memory effect (SME) was first discovered in 1932 by Ölander on Au-Cd alloy [1].
This alloy can be plastically deformed when cooled and recovers to its original shape when it is
heated. With the concentration of Cd in range of 46.5 - 50%, the Au-Cd alloy has the transfor-
mation temperature from 30 to 100˚C. Later, a series of other shape memory alloys (SMAs) were
manufactured such as Cu-based alloys (Cu-Zn, Cu-Sn), Ni-based alloys (Ni-Ti, Ni-Al), Fe-based
alloys (Fe-Pd, Fe-Pt) [2–30]. However, the most commonly used SMAs are nitinol alloys (Ni-Ti)
and Heusler alloys (Cu-Ni-Al, Ni-Mn-Ga) [16-30]. Recently, the SME has been observed on some
high entropy alloys (HEAs) such as Ti-Ta-Hf-Nb-Zr, Fe-Ni-Co-Al-Ti, Ti-Zr-Co-Ni-Cu. The com-
bination of preeminent features of SMA and HEA (high strength, heat resistance, low diffusion
coefficient) will provide helpful applications in practice [16].

The SME in Ni-Ti alloys was first reported in 1963 [17]. In the process of studying Ni-
Ti alloys, the basic properties, including superplastic features, have been greatly improved. The
Ti-Ni alloys not only possess a good SME, mechanical and corrosion resistance but also have
high biological compatibility. Therefore, they have been widely used in industrial and biomed-
ical fields [14–21]. Although widely used in the past few decades, Ni-Ti alloys have shown
some disadvantages that prevent the expansion of their applications in practice. These are bad
deformation at low temperature, high material cost, slow reaction to temperature change, small
operating temperature range and poor repeatability [14–16]. Besides, high concentrations of Ni
in the alloys can also causes allergies to the human body leading to limitations in biological ap-
plications. Therefore, some researchers have added other elements (Cu, Zr, Nb, Ta...) into Ni-Ti
alloys and changed the manufacturing technology conditions to minimize the disadvantages of
these alloys [14–16, 19–21]. The addition of other elements causes the change of transformation
temperature and the transformation from β to α type of martensitic phase (orthorhombic struc-
ture). On the other hand, the SME of the alloys is simultaneously improved. So far, many types of
Ni-Ti SMAs have been manufactured with high biological compatibility and plastic deformation.

The SME in Cu-Al-Mn Heusler alloys was first published in 1996 [22]. The superelasticity
(SE) of these alloys is improved through controlling structure and particle size [23–31]. So far,
the superelastic property of these alloys has reached the level of Ni-Ti ones. Because of their
high ductility, they are easily deformed (by rolling, drawing, punching methods) to form more
complicated shapes than Ni-Ti alloys. These alloys were used in medical devices and began to be
commercialized in 2012 [32]. In conventional SMAs, including Ti-Ni alloys, when both the strain
and stress induced by SME are very large, the response to the input signal is very low, below 10
Hz. That is because the deformation of the material is controlled by changing the temperature [33].
Therefore, the research for new SMAs, whose SME is caused by factors other than temperature,
such as magnetic field, is essential. In 1996, the SME affected by the magnetic field (Magnetic
shape memory effect - MSME) was first studied by Ullakko et al. on Ni2MnGa Heusler alloy [34].
Although studies showed that a strain greater than 10% was caused by an external magnetic field,
the Ni-Mn-Ga alloys have not been used in practice because of their brittleness, high cost and low
work output stress (below 5 Mpa). In 2006, a new type of Heusler magnetic SMA, (Ni, Co)-Mn-In
alloys, could solve the problems of brittleness and low output stress [35–37]. The (Ni, Co)-Mn-
In alloys show a phase transformation from ferromagnetic austenite phase (FM) to paramagnetic
martensite phase (PM) and thermodynamic stability of the FM phase increased via Zeeman energy
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affected by the external magnetic field in a certain temperature range. At a fixed temperature, the
SME can be obtained by using the magnetic phase transition process when an external magnetic
field is applied. The (Ni, Co)-Mn-In alloys can recover the almost perfect shape of deformation
of about 3% by using static or pulsed magnetic field with a strength of 70 kOe [37]. These SMAs
are called magnetic SMAs (Magnetic shape memory alloy - MSMA) because their SME is caused
by magnetic phase transition. The study results were published with other Ni-Mn-based Heusler
alloys, such as (Ni, Co)-Mn-Sn [38], indicating that the output stress of these MSMAs is almost
proportional to the strength of the applied magnetic field and it can be greater than 100 MPa [39].
In addition, a reverse magnetocaloric effect (the material is cooled under an applied magnetic
field) was also detected in MSMAs [40, 41]. The mechanisms of changes of structure, magnetic
properties, stress and strain of these alloys under the impact of the external magnetic field have
been greatly studied. However, the processes that occur in the MSMAs under an applied magnetic
field are not fully understood.

Recently, to expand the scope of applications, the multi-component SMAs have been con-
centratedly studied. The Fe-based superelastic MSMAs of Fe-Ni-Co-Al-Ta-B [42] and Fe-Mn-
Al-Ni [43] were published in 2011 and 2013, respectively. The superelasticity is obtained by the
transformation of martensite phase from α (bcc) to γ (fcc) in Fe-Mn-Al-Ni alloys and from γ
(fcc) to α’ (bct) in Fe-Ni-Co-Al-Ta-B alloys. The Fe-Ni-Co-Al-Ta-B alloy exhibits superelastic
deformation of about 13% and high-stress hysteresis. However, the ductility and superelasticity of
the alloy are greatly reduced during the sample machining process. When rolled into thin sheets,
the superelasticity of the alloy decreases by more than 95%. Therefore, it is difficult to make these
alloys in wire form and still retain their superelasticity. This limits the practical applications of the
Fe-Ni-Co-Al-Ta-B alloys [42]. As for the Fe-Mn-Al-Ni alloys, one of the most important features
is their extremely small dependence of the critical stress on temperature. This is because the trans-
formation entropy change is about 10 times smaller than that of Ni-Ti alloys [43]. This means the
temperature range for superelasticity in the Fe-Mn-Al-Ni MSMAs is 10 times greater than that of
the Ti-Ni SMAs. This feature makes it useful for applications in the automotive and aerospace
industry because of the huge temperature changes in those applications. The superelasticity of
the Fe-Mn-Al-Ni MSMAs is greatly affected by the shape and size of particles in the alloys [43].
Therefore, changing the manufacturing technology conditions to obtain the optimal particle struc-
ture for this type of MMSAs is necessary [44–46]. Recently, some scientists have discovered SME
on some high entropy alloys such as Ti-Ta-Hf-Nb-Zr, Ti-Zr-(Co, Hf)-Ni-Cu. . . [47, 48]. The com-
bination of preeminent features of shape memory and high entropy alloys (high durability, heat
resistance, low diffusion coefficient. . .) will provide potential applications in practice.

In this work, we give an overview of current research of shape memory alloys and our
obtained initial results of Ni-Ti based alloys of Ni-Ti, Ni-Ti-Zr-Cu-Cr, Ni-Ti-Zr-Cu-Co, Ni-Ti-Zr-
Cu-Nb and Ni-Ti-Zr-Cu-Hf prepared by using melt-spinning method.

II. EXPERIMENT

The samples were prepared by using the melt-spinning method. First, elements of Ni, Ti,
Zr, Cu, Cr, Co, Nb and Hf with their purity of 99.9% are determined by the molar concentration
(Table 1). An arc-melting method was performed to ensure the homogeneity of alloys. These
alloys are then used as input materials for the melt-spinning method with tangential velocity of
copper roller of 40 m/s. The obtained ribbons have the width of about 3 mm and the thickness of
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about 30 µm. The samples, symbolized in Table 1, correspond to the molar concentration of the
elements in the sample. The structural characteristic and structural transformation were analyzed
by an X-ray diffractometer (Equinox 5000-Thermo Scientific) with the Cu-Kα radiation source
(λ = 1.5406) at room temperature and high temperature in vacuum. The transformation temper-
ature and the activation energy of the samples were studied by differential scanning calorimetry
(DSC) on Labsys Evo 1600-SETARAM apparatus. The SME of the alloy ribbons is observed by
bending them at room temperature and then placing them on a flat furnace with a temperature
indicator. When the temperature increases, the alloy ribbons are straighten back to their original
shape. By observing the temperature and shape change, we can determine the temperature and
amplitude of the shape memory effect of the alloy ribbons. All measurements are performed in
the direction of increasing temperature.

Table 1. Symbol and percentage of the molar concentration of the elements in the sam-
ples (with A = Cr, Co, Nb, Hf).

Symbol Ni Ti Zr Cu A
S1 51 49 0 0 0
S2 50 50 0 0 0
S3 49 51 0 0 0
S4 25 50/3 50/3 25 50/3 (Cr)
S5 25 50/3 50/3 25 50/3 (Co)
S6 25 50/3 50/3 25 50/3 (Nb)
S7 25 50/3 50/3 25 50/3 (Hf)

III. RESULTS AND DISCUSSION

According to the review report by Chekotu et al. [49], there are three different structural
transformations in the NiTi based alloy system. In the martensitic phase, NiTi alloy has a low
symmetrical structure corresponding to the B19’ structure type. In the austenitic phase, NiTi alloy
has a face-centered cubic lattice structure with high symmetry corresponding to the B2 structure
type. The martensitic phase is characterized by needle-like crystals arranged in a herringbone
shape. The austenitic phase usually has a high hardness, while the martensitic phase is softer, more
malleable and lower stress. In some cases, the intermediate R-phase with a rhombic structure has
low transformation strain and low thermal hysteresis. The R-phase can occur in Ni-rich alloys or
due to the addition of some other elements into the alloy such as Fe [50].

Figure 1 shows XRD patterns of the obtained ribbons measured at room temperature. It is
visible that the S1 sample has two main diffraction peaks at 2θ angular corresponding to 44˚ and
62˚ (Figure 1a). These diffraction peaks corresponding to the B2 phase (ICDD PDF 00-018-
0899) belong to the cubic system with a lattice constant of a ∼ 2.99 Å (the space group Pm3m).
Meanwhile, the S2 and S3 samples have B19’ structure type (ICDD PDF 00-027-0344), belongs to
the monoclinic system (a ∼ 2.89 Å; b ∼ 4.12 Å; c ∼ 4.62 Å and β∼ 96.8˚), the space group P21/m.
Both the B2 and B19’ phases are common structural phases in the martensite phase [49, 51].
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Fig. 1. XRD patterns of the obtained alloy ribbons measured at room temperature.

As shown in Fig. 1b, the S4 sample has a coexistence of both the B2 and B19’ phases.
Meanwhile, the S5, S6 and S7 samples only show the characteristics of the B2 phase. The char-
acteristic peak of the B2 phase in the S4-S7 samples has a completely different shape compared
to the S1 sample. It is possible that the B2 phase in these samples exists in nanocrystalline form.
However, the characteristic diffraction peaks for the B2 phase of S4, S5, S6 and S7 shift to lower
2θ angle corresponding to A = Cr, Co, Nb and Hf, respectively. The shift of B2 diffraction peak
is attributed to the increase in the atomic radius of the Cr, Co, Nb and Hf added elements in the
alloy. The addition of Zr, Cu, Cr, Co, Nb and Hf to the alloy not only changes the lattice constant,
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improves the mechanical properties but also creates high entropy alloy systems that have a large
SME in the high-temperature range [52, 53]. Fig. 2 shows the DSC curves of the S2, S4, S5 and
S6 samples measured with increasing temperature. It can be seen that the DSC curves of these
samples display exothermic peaks. These exothermic peaks occur at temperatures of 65˚C; 505˚C;
624˚C and 632˚C for the S2, S4; S5 and S6 samples, respectively.

Fig. 2. DSC curve of S2 (a), S4 (b), S5 (c) and S6 (d) samples measured at increasing temperature.
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Fig. 3. XRD pattern of S3 sample measured at 60, 80 and 100˚C.

Figure 3 shows an XRD pattern of the S3 sample at temperatures of 60, 80 and 100˚C. In
this experiment, the alloy ribbons are glued onto a Pt bar with a conductive adhesive. The Pt bar
plays a role as a heater which is used to increase the temperature of the sample. Therefore, the
XRD patterns of the alloy ribbons appear the characteristic diffraction peaks of Pt. In the tempera-
ture range below 60˚C, we have not observed any change in the XRD pattern of the material. This
means that the B19‘ structure is stable in the temperature range below 60˚C. However, when the
temperature of the sample is higher than 60˚C, new diffraction peaks with strong intensity appear
at the angle of 29.5, 42 and 61˚. These peaks correspond to the B2 phase as discussed above. This
means that the crystal structure transformation of the material will be occurred in the temperature
range from 60˚C to 80˚C. From the results of DSC analyses and XRD patterns, we see that the
observed exothermic peak at 65˚C on the DSC curve of the S2 sample is a characteristic related
to the structural phase transformation from B19‘ to B2. These results are in good agreement with
the obtained results by Swiec et al. [52] when studying the structural phase transformation in the
NiTi alloy system.

It is quite interesting that with the addition of Zr, Cu, Cr, Co, Nb and Hf elements to the
NiTi based alloy, we observed the signals related to structural phase transformations in the high-
temperature region (about 500-650˚C). In detail, the structural phase transformations from B19’
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to R at 505˚C, then from R to B2 at 525˚C, are occurred in the S4 sample. The structural phase
transformations of B2 to B19’ at 624˚C and 632˚C corresponding to S5 and S6 samples, respec-
tively, are determined. The elements Zr, Cu, Cr, Co, Nb and Hf are selected for adding to the
alloy because they are easy to form high entropy alloys. This is a desirable property to increase
applicability of SME of the alloys. These elements can also increase the glass forming ability (re-
duce crystallinity) and increase the structural transformation temperature (the temperature where
SME occurs) to the higher temperature range for the alloy. The XRD analysis results show that
Co, Nb and Hf increase the glass forming ability of the alloy stronger than Cr. The elevation of
the structural transformation temperature to the high temperature region of the elements of Cr, Co
and Nb is shown by DSC analysis and this ability increases from Cr to Nb, respectively.

According to Frenzel et al. [54], the change in Ni concentration in the alloy significantly
affects to the stress required for martensitic transformation and deformation recovery. Therefore,
the influence of the composition ratio of the elements in the alloy on the structure, SME and their
mechanical properties is a subject that needs to be studied more carefully [55, 56].

Thus, the above research results show that the samples are heated to a certain temperature
leading to martensitic-austenitic structure transformation in the material. This is the basis of shape
memory alloy systems. Therefore, this shape memory effect is also called as the heat memory
effect [55]. To verify the SME of the fabricated samples, we select some typical samples including
the S1, S2 and S3 samples. Initially, the samples are flat at room temperature. We applied a force
to deform them. The deformed samples were placed on a heater to increase their temperature.
A change in the shape of the sample at a corresponding temperature has been recorded. For the
S4-S8 samples, due to their high structural transformation temperature (> 500˚C), specialized
equipment is required to observe their shape transformation at high temperatures.

IV. CONCLUSION

Some Ni-Ti based alloys have been fabricated and studied for their structural characteristics,
shape memory effect. The obtained results showed the existence of martensitic phases with B19’
structure type and austenitic phases with B2 structure type. The structural transformation from
B19’ to B2 in the temperature range of 60-80˚C has been observed by high-temperature XRD
patterns and DSC curves. By adding the Zr, Cu, Cr, Co, Nb and Hf elements, we have obtained
Ni-Ti based alloys that have structural transformation temperature at higher temperature regions
(about 500-650˚C). The signal of the B19’-R-B2 intermediate transformation in the S4 sample
(with doping of Zr, Cu and Cr) was observed. The shape memory effect of some samples has been
directly examined when they were heated.
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