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Abstract

In the present work, the effects of 120 MeV Au ion irradiation at different fluences ranging from 1x10? to 3x10%2 ions/cm?
on structural and electrical properties of thin films of Nickel titanium (Ni-Ti) shape memory alloys (SMAs) grown on Si
substrate using DC magnetron co-sputtering is studied. The surface morphology, crystallization and phase transformation
behaviour of these films were investigated using field emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), X-ray diffraction (XRD) and Four-terminal resistivity measurement method. XRD pattern reveals that
both the phases-martensite as well as austenite exist in the pristine film. Resistivity measurements revealed a two way
transformation from cubic to rhombohedral and from rhombohedral to monoclinic phase in pristine film and decrease in its
transformation temperature with increased fluence. At higher fluences 5x10'? and 1x10% ions/cm?, films showed non-
metallic behaviour which could be due to the disorder occurring in these films due to ion impact and precipitate formation.
The elemental composition of pristine film is determined by Rutherford backscattering spectroscopy.
Copyright © 2017 VBRI Press.
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exhibiting martensite phase) and phase transformation
behaviour. The phase transformation is accompanied by
significant changes in the structural and electrical
properties of films, thus controlling the design and
fabrication of micro-actuators and out of several methods
one of the effective ways to produce phase transformation
in shape memory alloys is high energy ion irradiation.
The effect of different type of perturbations such as ion
beam irradiation, electron irradiation and proton
irradiation on shape memory alloys has been investigated
by many groups. Moine et al. studied 250 and 390 keV Ni
ions implantation induced amorphization on bulk
martensitic Ti-Ni alloy [7]. It was reported that at a
temperature of 300 K, the fluence required to transform

Introduction

Nowadays, the demand for micromachines has increased
significantly in various fields such as biotechnology,
aerospace, micro-electro-mechanical systems (MEMS),
industries and various biomedical applications [1-3]. Thin
films of Ni-Ti alloy can be used to produce such
microactuators because of their unique properties such as
large stress sustainability without deforming permanently
[4], low voltage controllability, biocompatibility, shape
memory behaviour etc. Also, the work output per unit
volume of these films is quite large as compared to other
micro-actuation mechanisms [5]. Recently, NiTiCu based
ultralow-fatigue SMA films containing Ti>Cu precipitates

for 10 million transformation cycles were reported for
artificial heart valve or elastocaloric cooling [6]. These
unique properties in Ni-Ti films are due to their distinct
crystalline structure (B2 at high temperature exhibiting
austenite phase and monoclinic at low temperature
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the martensitic transformation to amorphous state was
0.1 dpa whereas at a temperature of 77 K, the required
dose was found to be on high side ~ 0.18 dpa and the
reasoning was given in terms of the stabilization of
martensite phase at lower temperature. Another report
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was given by Brimhall et al., who irradiated the Ni-Ti
alloy by 2.5 MeV Ni ion beam and 6 MeV Ti ion beam at
a dose of ~ 0.2 dpa and observed a complete
amorphization of Ni-Ti austenitic phase after ion
irradiation [8]. They concluded that amorphization of the
phase was possible without complete chemical
disordering. Zu et al. observed the amorphization of
Ti-Ni-Cu alloy samples which were irradiated by 400 keV
Xe ions at a dose of 0.4 dpa [9]. Vishnoi et al. observed
phase transformation at low fluence (6x10*? ions/cm?) and
amorphization at high fluence (3x10® ionsfcm?) in
Ni-Mn-Sn ferromagnetic SMA thin films using 200 MeV
Au ions [10] while Singhal et al. observed phase
transformation at slightly higher fluence (1x10%®
ions/cm?) in Ni-Mn-Sn film of different composition
using 120 MeV Ag ions [11]. Pelletier et al. studied the
phase transformation in Ni-Ti wire by using 1.5 MeV Ar
ions to increase the life time of endodontic instrument.
They observed the completely amorphization of
martensite phase at a fluence of 5x10% ions/cm?, while
the austenite phase was partially amorphized [12].
Lagrange et al. also studied the suppression of martensite
phase in Ni-Ti thin films irradiated by 5 MeV Ni ions to
develop the shape memory thin films actuator. They
observed that martensite phase was first transformed into
austenite phase and then become amorphized [13].
Ikenaga et al. studied 3 MeV Cu ion implanted bulk Ti-Ni
films and they observed amorphous region at a fluence of
10% jons/cm? at 300 K substrate temperature, but in case
of 100 K it did not appear even at 10%° ions/cm? [14].
They observed that the sample implanted at 100 K, ion
implanted region showed crystallinity however sample
implanted at 300 K modified to amorphous.

It is well understood from these studies that the
properties of SMA can be significantly modified using ion
irradiation techniques. Among all types of ion irradiation,
SHI irradiation is of special significance since SHI is a
very useful tool for modifying the properties of films,
foils and surface of bulk solids. SHI transfers its energy to
the material mainly by inelastic collision which causes
electronic excitation of the atoms in the material and
produces long narrow disordered region along its path
called track whose length and diameter depend on the
types and energy of ion beam used to irradiate the
material. The mechanism of transfer of electronic
excitation to the displacement of lattice atoms could be
understood by commonly known models such as
Coulomb explosion model [15] and thermal spike model
[16]. Though, it is difficult to produce tracks in metals
due to the large number of mobile conduction electrons
present in them which shield the space charge produced
by the ionization of metal atoms by incoming swift heavy
ions and by spreading the energy deposited by these ions
very rapidly, however, formation of tracks by heavy ions
was reported in metals such as NisB [17], NiZr, [18], Ni-
Ti [19] shape memory alloy etc.

Thus, with reference to the above mentioned studies
and to the best of our knowledge, there are few reports of
SHI irradiation on bulk Ni-Ti but there are no such reports
in case of Ni-Ti metallic thin films which are very much
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needed to understand the effects of SHI interaction with
Ni-Ti films since they are more promising candidates for
various applications as compared to bulk due to their
various distinguished characteristics and to explore how
the transformation temperatures can be controlled by ion
irradiation making them useful for different applications.

Therefore, in this study, we report the preliminary work
done by using SHI irradiation on Ni-Ti films. The present
work is focussed on ion-beam induced modifications of
120 MeV Au ion irradiated Ni-Ti sputter deposited thin
films which are investigated using X-ray diffraction,
Rutherford Backscattering spectroscopy, atomic force
microscopy, Field emission scanning electron microscopy
and Electrical resistivity measurements.

The main objective of the present study is to investigate
the effects of SHI on both phases, austenite as well
martensite phase simultaneously at room temperature for
the future application of these material in harsh
environment such space or nuclear reactor. In present
experiment, we also investigated the critical value of
fluence for shape memory behaviours. Below this critical
fluence Ni-Ti films show the SMA behaviour. Irradiation
at low fluence below the critical value creates the defect
in the materials in a control manner which increase the
vacancies diffusion and this diffusion of vacancies lead to
higher mobility.

The schematic of the work presented in manuscript is
shown in Fig. 1. The modifications in the structural and
electrical properties against SHI at different ions fluences
of 120 MeV energy were characterized by FESEM, AFM,
XRD and four-terminal resistivity measurement. The
measurement showed the disorder produced in
microstructure in Ni-Ti films strongly dependent upon the
ion fluences and at a higher fluence of 3x10% ions/cm?,
both phase’s austenite as well as martensite was
completely disappeared due to huge amount of electronic
energy deposited by SHI in Ni-Ti matrix.

¢ FESEM
* AFM

* RBS
* XRD
*  R-TMeasurement

Si Substrate Si Substrate

S"é'é%‘;“gﬁ;:;f;’” 120 MeV Au jon irradiation ﬂm"""““““

SiSubstrate

Disordered Ni-Ti structure at
higher flnences 3x10'ionsicm®

Fig. 1. Schematic diagram of Ni-Ti thin films deposited at 550 °C and
irradiated at different fluences.

Experimental

Ni-Ti films were deposited by direct current magnetron
sputtering technique on Si substrates by using an AJA Int.
Inc. make ATC Orion-8 series sputtering system. Two
separate targets of Ni and Ti were used for thin film
deposition. The arrangement of rotation of substrate in
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horizontal plane was also possible during film deposition
for better uniformity. The substrates were first cleaned in
an ultrasonic bath using a mixture of distilled water and
trichloroethylene in 4:1 ratio and then they were washed
with acetone. High purity nickel (99.9%, 50 mm diameter
and 2 mm thickness) and titanium (99.9%, 50 mm
diameter and 3 mm thickness) targets were used for film
deposition. The Ar pressure was regulated to be 0.13 Pa.
The target to substrate distance was fixed approximately
16 cm. Before deposition, a base pressure of 2x107 Torr
was achieved and sputter cleaning of both the Si substrate
and target (Ni at 50 W and Ti at 100 W for 10 minutes)
was done. After cleaning, the deposition was performed
for 1 hour 40 minutes using direct current powers of 50 W
for Ni and 100 W for Ti. During deposition, the pressure
was kept constant at 3x10° Torr using a dynamic
throttling valve and substrate temperature was kept
constant at 550°C. Substrate holder was rotated at 60 rpm
in a horizontal plane to deposit films of uniform
composition. The thickness of all the deposited films was
approximately 270 nm. Post-annealing was not performed
after film deposition. These Ni-Ti films on Si substrate
were irradiated with 120 MeV Au ion beam at IUAC New
Delhi, India using 15 UD pelletron accelerator facility.
lon fluence was varied from 1x10%? to 3x10% ions/cm?.
The electronic energy loss Se and nuclear energy loss Sy
calculated for Ni-Ti SMA using 120 MeV Au ions was
~3.1x10% and 5.3x10! eV/A, respectively, and the range
of Au ions in Ni-Ti was ~7.6 um as calculated by SRIM
programme [20], which was found to be much higher than
the film thickness, so most of the Au ions after passing
through the film get buried into the Si substrate.

The surface morphology and microstructure of the films
were studied using FESEM (Nova Nano FE-SEM 450
FEI) and AFM using a Bruker make Nanoscope v system
with a SisN. cantilever in noncontact mode. The thickness
and elemental composition of the films were measured
using Rutherford backscattering spectrometer. The
orientation, crystallinity and room temperature phase of
the pristine and irradiated films were studied using X-ray
diffractometer (Bruker D8 Advance) equipped with Cu
Ka x-ray source in 0-20 geometry having a scan speed of
0.6 °/min. The electrical resistivity of Ni-Ti films at
different temperatures was measured using four probe
method over a temperature range from 100 to 400 K. The
temperature of the film was measured by using Lake
Shore thermocouple and temperature ramp was set at 2
K/minute during heating and cooling cycles. The contacts
on the films were made by using silver paint.

Results and discussion
Structural properties

Field emission scanning electron microscopy

The surface properties of pristine and 120 MeV ion
irradiated Ni-Ti films were determined by FE-SEM.
Fig. 2(a) to 2(e) show the FE-SEM micrographs of
pristine and irradiated films at different fluences ranging
from 1x10% to 3x10% ions/cm? It is clear from these
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images that different shaped grains such as pyramidical
and spherical, are formed and the grain size first increases
with increase in the ion fluence, remain constant up to a
certain fluence and then decreases first gradually and then
considerably with further increase in the fluence. Fig. 2(a)
shows that in the pristine film pyramidical and spherical
shaped grains are observed depicting the presence of both
austenite and martensite phases in the films. But, the
pyramidical grains are quite large in number as compared
to spherical grains due to the dominance of austenite
phase in the film. Fig. 2(b) shows diffused pyramidical
and spherical grains present in the film irradiated at a
fluence of 1x10*2 ions/cm?. The grain size increases but
the number of pyramidical grains decreases while that of
spherical grains increases due to the decrease of austenite
phase and slight increment of martensite phase in the film
in accordance with the XRD data which is later shows
decrease in the intensity of (110) peak depicting austenite
phase while broadening and slight increase in the intensity
of (002) peak depicting martensite phase. With increase in
fluence to 5x10%2 ions/cm? (Fig. 2(c)), FESEM
micrograph show grains of similar morphology and
constant size as found in film irradiated at fluence 1x10*?
ions/cm?. At further increased fluence of 1x10% ions/cm?,
smaller grains with diffused grain boundaries are
observed (Fig. 2(d)). As the fluence is increased to 3x10%3
ions/cm? (Fig. 2(e)), the grain size decreases considerably
to the extent that surface morphology of the film
completely disappears and a smooth film appears which
may be due to the amorphization of the film at a fluence
of 3x10% ions/cm?.

Fig. 2. FESEM images of pristine and 120 MeV Au ion irradiated Ni-Ti
thin films at different fluences.
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Fig. 3. AFM images of pristine and 120 MeV Au ion irradiated Ni-Ti
thin films at different fluences.

Atomic force microscopy

Apart from FESEM, the surface morphology (grain size
and surface roughness) of all the films was also analyzed
using AFM. Fig. 3(a) to (e) shows the two dimensional
AFM images of as- deposited and 120 MeV Au ion
irradiated Ni-Ti SMA films at a scale of 1uymxIpum. The
root-mean-square roughness (Rims) of the surfaces of the
films was obtained from AFM scans over film areas of
2umx2um by scanning three times, each time at a
different location for every film. Rims of the films was
calculated using the following formula,

Rrms = 'z z?
N

where, Rms is the root mean square roughness taken from
the mean image data plane and Z; is the current Z value, Z
is the Peak-to-valley difference in height values within the
analyzed region, N is the number of points within the box
cursor in nm. The average values of surface roughness of
as deposited and irradiated films at different fluences
1x10%2, 5x10%2, 1x10% and 3x10™ ions/cm? was found to
be ~ 2.9 nm, ~ 3.98 nm, ~ 3.85 nm, ~ 3.76 nm and 1.88
nm respectively. It was observed that root mean square
surface roughness first increases with increase in fluence
to 1x10' ions/ cm? due to the increased intensity of
martensite phase in the film and then it again decreases
but to a smaller extent for films irradiated at 5x10%? and
1x10% ions/ cm? respectively, whereas it decreases
considerably for film irradiated at 3x10*% ions/cm? due to
the complete amorphization of the film resulting in the
disappearance of both the austenite and martensite phases,
in accordance with the FESEM result as reported in
Fig. 2. The sizes of the grains calculated by AFM also
show similar behaviour as calculated by FESEM images.

Rutherford backscattering spectroscopy

The major problem in using Ni-Ti films for various
applications is the difficulty in controlling their chemical
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composition. The transformation temperatures of Ni-Ti
also depend considerably on the composition of films. A
slight change in the composition results in a remarkable
change in the transformation temperatures and thus the
various properties of the films.
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Fig. 4. RBS spectra (2 MeV He") perform on as deposited film shows Ni
and Ti edges for the channel number in the range of 1100-1500 range.

So formation of desired composition in the films and
also accurate determination of composition in the films
after formation is very essential.  Rutherford
backscattering spectroscopy (RBS) is an efficient method
to determine the composition of the films as well as film
thickness, atomic species present in the films and their
concentration. Fig. 4 shows Rutherford backscattering
spectrum of as deposited Ni-Ti film on Si substrate. In
order to measure the film thickness and to determine the
atomic concentration of metals in the film, the RBS
spectrum was simulated by SIMNRA [21], and a fit is
shown in Fig. 4 by continuous line. The Ni atomic
fraction was calculated 56.7 at. % and Ti was found to be
43.3 at. %. The films thickness simulated by SIMNRA
was found to be ~ 270 nm.

X-ray diffraction

Fig. 5 shows the room temperature X-ray diffraction
(XRD) pattern of Ni-Ti pristine film and also of the films
irradiated by 120 MeV Au ions at different fluences
ranging from 1x10'? to 3x10'® ions/cm?. In addition to
substrate peak, XRD pattern reveals that both the phases,
austenite (B2) as well as martensite (B19”) exist in the
pristine sample. No traces of other phases like Ti;Ni and
TisNis were observed in XRD pattern of these films. The
planes corresponding to austenite and martensitic
structure are marked by their Miller indices. The most
intense peak at 20=42.5° which is due to the (110)
fundamental reflection corresponds to cubic austenite
structure, and the peak at 26=43.9° which is due to (002)
fundamental reflection corresponds to monoclinic
martensite structure. The peaks (136), (136) and (044)
corresponds to naturally oxidized Si substrate. The film
irradiated at a fluence of 1x10'2 jons/cm? shows decrease
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in the intensity of (110) peak (corresponding to B2
phase) and the (002) peak, corresponding to B19’,
becomes broad. It indicates the damage of austenite
structure in the film upon ion irradiation. With increase in
the fluence to 5x10%? ions/cm?, the peak intensity of both
the phases decreases. With further increase in fluence to
1x10% ions/cm?, the intensity of these peaks decreases
considerably. The decrease in intensity of both the phases
at this fluence shows the partial amorphization of the
austenite and martensite phase and suppression of phase
transformation by the electronic energy deposition in Ni-
Ti regime. At a much higher fluence of 3x10 ions/cm?,
all the peaks are vanished and the film gets completely
amorphized due to excessive ion impact. Amorphization
by electronic excitation and ionization is also possible,
where the energy of the incoming ion is transferred to the
atoms of lattice via electron-electron and electron-phonon
coupling. Such electron excitations can also cause local
heating followed by a rapid quenching (thermal spikes)
producing lattice distortions which are so drastic that they
relax into an amorphous state [22].

3el3 ions/cm

5el2 ions/cm

lel2 icm's/cm2

Intensity (a. u)

Pristine

38 40 42 44 46 48 50
20 (degree)

Fig. 5. X-ray diffraction spectra of pristine and 120 MeV Au ion
irradiated Ni-Ti thin films at different fluences.

The XRD pattern shows the crystalline to amorphous
phase transformation of Ni-Ti thin films by SHI
irradiation at a fluence of 3x10% ions/cm? The
suppression of both the phases under the SHI irradiation
has been observed by introduction of lattice defects and
high strain generation by the bombardment of Au ions on
Ni-Ti films. The amorphization of materials depends on
the irradiation conditions such as ion fluence, irradiation
temperature and nature of the ions as reported by several
authors [23, 24]. In the case of electron and proton
irradiation, it has been well established in the literature
that irradiation cause stress field and lattice disorder in the
materials [25]. The lattice disorder by electronic
excitation produces the point defect (vacancy and
interstitial pairs) which is evenly distributed in the
material and suppress the transformation temperature and
cause amorphization. Irradiation at critical fluences,
produce isolated amorphous zone in a crystalline material
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and density of these amorphous zones is continuously
increased with increase the fluences and at a higher
fluence these amorphous zone starts to overlap and at a
critical fluence, material become amorphous.
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Fig. 6. Electrical resistance versus temperature (R-T) curves of pristine
and 120 MeV Aw ion irradiated Ni-Ti films, during heating and cooling
cycle.

Electrical properties

The variation of electrical resistance with temperature is
an effective method for determining the formation of
various phases in shape memory alloys thin films and
studying their phase transformation behaviour since the
high temperature ordered austenite phase, intermediate R
phase and low temperature disordered martensite phases
are accompanied with changes in the electrical resistance
due to their different crystal structures.

Fig. 6(a) to (d) show the electrical resistance versus
temperature curves of pristine and 120 MeV Au ion
irradiated Ni-Ti films, measured by four-terminal
resistivity method during cooling and heating cycles in
the temperature range 100-400 K. At the time of
experiment, the condition of stationary equilibrium was
maintained by cycling the temperature stepwise with a
sufficient time interval at every data point. In figures 6(a)
to (d) Rs, Rs, Ms, Mt and As, As, denote the start and finish
temperatures of formation of the intermediate R phase and
martensitic (B19') phase on cooling, and austenitic (B2)
transformation on heating, respectively. Fig. 6(a) shows
the electrical resistance versus temperature (R-T) curve of
pristine Ni-Ti film. The pristine film shows a very clear
two-step phase transformation B2<R«<B19' during
heating and cooling cycles. During heating cycle,
electrical resistance of B2 phase was observed to increase
with increase in the temperature because of the formation
of R phase, but during cooling below 400 K, first the
resistance value of B19' phase decreases linearly because
of decrease in the intensity of electron-phonon interaction
but at temperature below Rs (310 K), the electrical
resistance again starts increasing with temperature
because the austenite B19' phase gets distorted and starts
transforming to R phase with higher electrical resistance,
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because in small sized grains the restriction imposed by
the grain boundaries for the formation of R phase is small
as compared to that offered for phase transformation from
austenite to martensite phase [26]. On cooling the film
further below Rt (260 K), the electrical resistance goes on
decreasing with temperature because R phase to
martensite transformation begins to occur which gets
completed below Ms. Thus, during both heating and
cooling cycles, formation of R phase was observed which
possess higher electrical resistance in comparison to B2
and B19' phases. Fig. 6(b) shows the R-T curve of thin
film irradiated at a fluence 1x10'% ions/cm? in which
slightly different trend of electrical resistance was
observed upon ion irradiation with 120 MeV Au ions. It
was observed that irradiated film showed deteriorated
hysteresis as compared to pristine film. Also, the R-T
curves during heating and cooling cycles do not show the
clear phase transformation behaviour. It could be due to
the disorder occurring in the film due to ion impact as
also confirmed by the decrease in intensity of ordered
austenite phase from XRD data. R-T curves of films
irradiated at fluences 5x10'? and 1x10% ions/cm? as
shown in figures 6(c) and (d) show the non-metallic
behaviour of both the films without any indication of
phase transformation during subsequent heating and
cooling cycles. At higher fluence (1x10% ions/cm?) the
energy deposited by incoming ions in the film due to the
electronic stopping is quite large and leads to degradation
of shape memory behaviour and complete amorphization
of the films. In the present case, the incomplete phase
transformation could be attributed to the following
reasons; (a) large resistance force as compared to driving
force could be generated due to the constraints imposed
by inter-diffusion of film and substrate due to ion
irradiation (b) large number of grain boundaries due to
small grain size restrict the growth of martensitic phase
during cooling (c) presence of intrinsic defects created by
120 MeV Au ions in Ni-Ti thin films at higher fluences.

Conclusion

In this study, a systematic and preliminary investigation
on the effect of 120 MeV Au ions irradiation at different
fluences ranging from 1x10*2 to 3x10*® ions/cm? on Ni-Ti
SMA thin films deposited by DC-magnetron co-sputtering
system on Si substrate at 550 °C was carried out. FESEM
and AFM micrographs revealed the successive changes in
the surface morphology of the films with increase in
fluence content. As the fluence increases, spherical
shaped grains increases as compared to pyramidical ones
due to change in phase and at considerable higher fluence
of 3x10% ion/cm?, spherical grains also disappear due to
the amorphization of the films at such high fluence. XRD
measurements revealed the presence of both the phases,
austenitic as well as martensitic phase in pristine sample.
As the fluence of 120 MeV Au ion increases, crystallinity
of the Ni-Ti SMAs decreases and at a fluence of 3x10%
ions/cm? complete amorphization occurred. The R-T
measurements revealed that clear phase transformation
from martensite to austenite phase and vice versa via R-
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phase was observed in pristine film during subsequent
heating and cooling cycles. The R-T measurements also
revealed the degradation of shape memory effect and
occurrence of non-metallic behaviour of Ni-Ti films
irradiated at higher fluences.

This study paved the way for exploring how the
crystallinity and phase transformation temperatures of Ni-
Ti nanocrystalline thin films can be controlled using ion
irradiation in order to utilize them for applications.
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