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ABSTRACT

Intermetallic Nickel-Titanium shape memory alloys (SMA) is a relatively new material that has attracted
immense research interest for micro-electro-mechanical systems (MEMS) and biomedical applications. Large
displacement and actuation force, higher surface to volume ratio, higher power density and compatibility with
batch processing technologies of silicon micromachining make these films a better option for MEMS.
Intermetallic NiTi thin films were prepared by dual source DC magnetron oblique angle sputtering technique
from separate elemental Ni and Ti targets. The as-deposited film vacuum annealed for 1hour at a temperature
range of 350 °C-650 °C. The composition and uniformity of the films were carried out by energy dispersive X-
ray spectroscopy in a scanning electron microscope. The optical response of the films was studied using UV-Vis
spectrophotometer. The mechanical properties of these films were studied using Hysitron Triboindenter. The
optical band gap of the films increased with respect to annealing temperature. The nano scratch and nano wear
performance of the intermetallic NiTi thin films are strongly dependent on annealing temperature. The point of
delamination and friction measurements of these thin films was studied. It was found that the intermetallic NiTi
thin film vacuum annealed at a temperature range of 350 °C-550 °C show delamination (failure event) but in
the case of higher temperature, i.e. at 650 °C these films does not show a delamination for the subjected load

conditions. However, the nano wear resistance of the film decreases with increase in annealing temperature.
Keywords: Annealing, Delamination, Intermetallic, Nano Scratch, Nano Wear.
I INTRODUCTION

Thin film shape memory alloys show inherent shape memory effect and superelasticity, offer great potential in
the field of micro-electro-mechanical-systems (MEMS) since they can be patterned with standard lithography
techniques and can be fabricated by batch processing [1-6]. Large displacement and actuation force, higher
power density, higher surface to volume ratio, low voltage requirements makes these films a better option for
MEMS and BIO-MEMS, such as microwaves, microgrippers, micropositioner, micropumps, clipping
microelectrodes and micro capsules [7-10]. Thin film SMAs attracted much attention to the research field of

functional and smart (intelligent) materials. In recent years, intermetallic thin films are shown to be promising
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and high performance material for oil lubricated, rolling and sliding contact applications (bearings and gears)
[11]. Several fabrication methods have been used to prepare intermetallic NiTi thin films including laser
ablation, ion beam deposition, melt spinning, sputter-deposition, plasma spray, flash evaporation, etc. [12].
Intermetallic NiTi thin films are ideal materials for optical components such as polarizors, monochromators,
supermirror, etc. [13]. In the present work intermetallic NiTi thin films were produced from Bi-layer thin films
using oblique angle DC magnetron sputtering technique. Multilayer structure exhibits many new electrical,
magnetic, optical, structural and transport properties [14-18]. At low temperature the intermetallic NiTi thin
films produced by sputtering deposition technique are usually amorphous in nature. Therefore, intermetallic
NiTi thin films have to be vacuum annealed above their crystallization temperature to bring crystalline order. In
the present work, we have investigated the effect of annealing temperature on the optical and mechanical
properties of sputter deposited intermetallic Ni/Ti Bi-layered thin films. We have prepared Ni-rich (Ni-60 at. pct
Ti) NiTi thin films by DC magnetron oblique angle sputtering. The Bi-layer Ni/Ti thin films were prepared by
using separate elemental Ni and Ti targets. The film composition was controlled precisely by adjusting the
powers supplied to each target. However, in the case of intermetallic NiTi thin films the characteristics of films
can vary significantly depending on the annealing temperature and microstructure (phase transformation) [19-
20].

I EXPERIMENTAL

Intermetallic NiTi thin films were deposited on glass substrates of dimension 10 mm x 10 mm by direct current
DC magnetron sputter-deposition method which is a two gun oblique angle sputter down set up. The sputter
chamber was maintained to a base pressure, lower than 3.75 x 10 Torr using a rotary pump and diffusion
pump. The thin films were deposited using separate elemental targets of Ni and Ti of purity 99.99%. The glass
substrates were cleaned thoroughly in an ultrasonic bath for 20 minutes with double distilled water and then
washed with acetone and 2-propanol. The targets were pre-sputtered 15 min before the deposition to eradicate
contamination from the target surface. The substrate to target distance (S-T distance) strongly affects the sputter
deposition rate, uniformity of composition of the substrate surface and therefore the S-T distance were carefully
maintained at 50 mm. During the deposition time the substrate holder was rotated at 10 rpm to maintain the
homogeneity of composition. During the sputter deposition process, argon gas (purity 99.999%) at a flow rate of
30 sccm was allowed into the sputter chamber through an AALBORG GFC 17 mass flow controller. The
deposited films were solution treated or annealed for 1 hour in the temperature range of 350 °C-650 °C. The
annealing temperature was chosen from the TTT (time-temperature-transformation) diagram established by
Nishida et al. [21] for bulk Ti-52 Ni alloy.

The composition of the thin films was determined by energy dispersive X-ray spectroscopy analysis (EDXA) in
a scanning electron microscope. The intermetallic thin film thickness was measured using step height on masked
glass substrates using a Dektak 150 surface profilometer (Veeco Instruments Inc., Tucson, AZ). The optical
transmittance of the NiTi thin films was recorded using UV-Vis spectrophotometer (Ocean optics

Spectrophotometer USB4000 Series) in the wavelength range 300-850 nm.

231|Page




International Journal Of Advance Research In Science And Engineering http://www.ijarse.com
IJARSE, Vol. No.4, Issue No.02, February 2015 ISSN-2319-8354(E)

A TI 950 Tribolndenter equipped with Hysitron Standard 2-D transducer was used to perform a set of
nanomechanical tests on intermetallic NiTi thin films deposited over the glass substrate and annealed at four
different temperatures. The adhesion properties of the films were determined by performing the nanoscratch
test. Nanoscratch experiments were conducted using diamond 60° conospherical probe with a 0.228 um radius
of curvature. Each scratch test was performed by moving the probe laterally a distance of 6 um in 20-second
duration, while simultaneously ramping the normal force from 0 to 3000 uN. To assure the repeatability of the
obtained results, four load-controlled ramping force scratch experiments were performed in intermetallic NiTi
thin films at different locations. Nanowear experiments were performed to obtain the wear resistance of the
deposited films and for the quantification of the wear volume. Scanning Wear tests were performed in
intermetallic NiTi thin films using diamond 60° Conospherical probe with 0.228 um radius of curvature. Each
test consisted of eight passes at a scan rate of 1 Hz with a scan size of 5 um. 50 uN normal load was used for
the wear tests. After each wear test was completed, the wear areas were imaged using in-situ SPM imaging

facility.
11l RESULTS AND DISCUSSION

3.1 Optical properties

Fig. 1 shows the optical transmittance spectra of sputter deposited NiTi thin film vacuum annealed at different
temperatures and recorded in the wavelength range 350 - 850 nm. The films annealed at higher temperature (at
650 °C) showed about 95 % transmittance. The annealed NiTi thin films showed an average transmittance of 83
% (at wavelengths > 600 nm). The optical absorption coefficient (a) of the intermetallic NiTi thin films was

calculated using the following equation [22-23],

o=(1/t)InT........... (8]
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Fig. 1. Optical transmittance spectra of intermetallic NiTi thin film vacuum annealed for 1 hour

at four different temperatures.

232|Page




International Journal Of Advance Research In Science And Engineering http://www.ijarse.com

IJARSE, Vol. No.4, Issue No.02, February 2015 ISSN-2319-8354(E)
40 ~
a vshy
35 4

— 350°C~347 ¢V
— 450°C ~3.52 ¢V
2.5 4 550°C~3.53 ¢V
— G50 °C ~ 3.61 ¢V

3.0 4

o, 2.0 4
154 ‘
b
1.0 4
0.5 4
0.0 i | T v
0.0 0.5 1.0 15 20 25 30 35 40

Energy.(eV)

Fig. 2. Plots of () versus Energy for band gap calculation.

Where t is the film thickness and T is the optical transmittance. The optical band gap of the films was
determined by the Tauc’s plots [24] of () versus photon energy (hv) by assuming a direct transition takes place
in thin films. The optical band gap is extracted by extrapolating the linear portion of the plot to the energy axis
(x-axis) yielded the direct band gap value as shown in Fig. 2. With the increase of annealing temperature the
optical band gap increased and the optical band gap of the annealed films was in the range of 3.47-3.61 eV (Fig.
2). The increase in the band gap with annealing temperature is attributed to the increase in the packing density
of thin film and comprising very larger grains in the film. When the crystallite size increases and grain

boundaries decrease minimizing the scattering and resulting with energy bandgap increasing.
3.2 Nano Scratch

Scratch testing has been employed as a way to evaluate the interfacial adhesion of thin film/substrate systems.
Failure events can be found where the indenter probe generates fracture, delamination or breakthrough at the
film/substrate interface. The failure or delamination events of the film are normally noticed by a combination of
sudden changes in the slope of the lateral force and normal displacement data. The normal force applied to the
scratch probe at the time when failure is detected is called as critical load and can be determined by analyzing
the scratch data. The adhesion failure of the critical load gives a relative measure of a system’s interfacial
adhesion strength. In general, a higher critical load denotes a higher interfacial adhesion. However, the true
relation between critical load and interfacial adhesion is moderately complicated and can be affected by many
factors such as the film thickness, fracture toughness of the materials involved, and scratch testing parameters A
normal force is applied to the indenter probe while it is moved laterally, and both the normal and lateral motion
is controlled as a function of time according to a specified load function in nano scratch mode. Four parameters:

normal force, normal displacement, lateral force, and lateral displacement are measured and recorded
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continuously during the test. From these parameters, comprehensive information about a material’s nano scratch
properties can be characterized. Friction, mar resistance, and critical failure load is commonly characterized

nano scratch properties.

The plots of normal load, normal displacement, lateral force and lateral displacement as a function of time
during the scratch are presented in intermetallic NiTi thin films in Fig. 3 (a, b, ¢ and d). The corresponding
friction plots are shown in Fig. 4 (a, b, ¢ and d). In nano scratch tests, as the normal force increases, the probe
sinks deeper into the material, increasing the lateral force and placing increasing stress on the film/substrate
interface. At a certain applied load, the film delaminates from the substrate. The normal load which causes the
film to delaminate from the substrate is referred as critical load (P;) or when performing a progressive load
test, the smallest load at which the recognizable failure occurs is defined as critical load. The critical load
corresponds to the load at which a regular occurrence of such failure along the track is observed in the case of a

constant load test.

It is clearly observed that the critical load is around 1100 uN for film annealed at 350 °C, 1900 uN for film
annealed at 450 °C and 2000 uN for film annealed at 550 °C. This failure event is shown in the data as a sudden
decrease in the lateral force combined with an increase in normal displacement. The in-situ SPM imaging
capability was used to confirm that the initial failure event in the plots Fig. 3 (a, b and ¢) and Fig. 4 (a, b and ¢)
corresponds to film delamination while the much larger event that follows may be due various events as a result
of delamination like film spallation. Film annealed at 650 °C does not show a failure event for the load
conditions applied (Fig. 3(d) and Fig. 4(d)). The nanoscratch behavior of intermetallic NiTi thin films is
temperature dependant. This is mainly due to the increase in strength by grain boundaries and dislocation
interactions. Therefore, this behavior is attributed to the elemental composition change and phase segregation

occurring in the films on thermal annealing [25].
3.3 Nano wear

Scanning wear is an important tribological tool for comparing the wear resistance of oxide layers or protective
coatings at nanoscale. Wear tests can be performed using Hysitron TI 950 Triboindenter™ nanomechnical test
instrument in in-situ Scanning Probe Microscopy (SPM) mode. In this mode, while maintaining a relatively
small normal force the instrument can capture images of the sample surface by raster scanning the probe across
the surface. Nanowear tests can be performed simply by increasing the contact force maintained by the probe as
it scans in the in-situ Scanning Probe Microscopy (SPM) mode. The increased normal load causes the probe to
wear away the surface, creating a square region where material has been worn away. An image of the region and
its surroundings can be immediately captured using the same probe when the wear test has been completed. This
captured image can then be analyzed to determine the average wear depth of the region and the volume of
material removed. Fig. 5 and Fig. 6 show the effect of post annealing treatment on the wear performance of the
intermetallic NiTi thin films. It is clearly observed that the wear performance of the intermetallic NiTi thin films
is strongly influenced by thermal annealing temperature and its wear resistance decreases with an increase in
annealing temperature. Nanda Kumar et. al. confirmed from the TEM analysis that the films are in the Austenite
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(B2) phase with a substantial amount of segregation of NisTi [25]. The phenomenon can be endorsed by

following two reasons [26]: (a) the phase transition induced by requiring thermal annealing temperature or the

stress (which can accommodate the deformation increases with temperature). (b) Nucleation and grain growth at

high temperatures can cause adverse effects.
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Fig. 3. Scratch segment analysis of intermetallic NiTi thin films (a) annealed at 350 °C (b)
annealed at 450 °C (c) annealed at 550 °C and (d) annealed at 650 °C.
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In this work we have mainly focused on nucleation and grain growth at various annealing temperatures. The
films annealed at 350 °C shows feature less microstructure, the resultant microstructure is merely dependant on
the conditions of annealing. As the annealing temperature is increasing from 350 °C to 450 °C the crystallization
takes place by nucleation of crystals from amorphous state and the growth of these crystals (grain formation).
As the annealing temperature is increasing further from 450 °C to 550 °C the microstructure is contributed by
coalescence of grains with adjacent grains. At 650 °C an enhanced surface diffusion of adatoms causes a low
activation energy ensuing in denser and more compacted film. The microstructure is caused by agglomeration of
the few grains with the surrounding ones leads to the larger grain growth [27-28]. It is clearly noticed in SPM

images of Fig. 5 and Fig. 6.
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Fig. 4. Friction Coefficient as a function of time for the scratch segment for intermetallic NiTi
thin films (a) annealed at 350 °C (b) annealed at 450 °C (c) annealed at 550 °C and (d) annealed
at 650 °C.
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Fig. 5. 10 pm 2-D in-situ SPM images of intermetallic NiTi thin films (a) annealed at 350 °C (b)
annealed at 450 °C (c) annealed at 550 °C and (d) annealed at 650 °C surfaces after nanowear

tests using peak load 50 pN.
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Fig. 6. 10 pm 3-D in-situ SPM images of intermetallic NiTi thin films (a) annealed at 350 °C (b)
annealed at 450 °C (c) annealed at 550 °C and (d) annealed at 650 °C surfaces after nanowear

tests using peak load 50 pN.
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Table 1. Wear depth and wear volume for the intermetallic NiTi thin films after nanowear tests

at various annealing temperatures.

Amnealing temperature °C) ~ Wear depth (nm) Wear volume (ym’)
¥0°C 513 0128
40°C 505 0.1%
50°C 418 0105
650°C 405 09
IV CONCLUSIONS

In the present work, we have prepared intermetallic NiTi thin films using dual-source oblique angle DC
magnetron sputtering system by Ni/Ti Bi-layer deposition technique. The effect of annealing temperature on the
optical response, nano scratch and nano wear properties of these films have been studied. The following
conclusions were attained. The optical band gap of the films has increased with increase in annealing
temperature. The nano scratch and nano wear behavior of these films are strongly influenced by the thermal
annealing temperature. The films annealing at 350°C, 450 °C and 550 °C show delamination or a failure event,
but at 650 °C do not show a failure event for the subjected load conditions. At higher annealing temperatures the
nucleation and growth rate of the grains in the films are higher. The wear resistances of intermetallic NiTi thin
films are decreases with increase in annealing temperature [26]. The intermetallic NiTi thin films are
structurally and chemically stable phase even at higher temperatures. This is due to the formation of

intermediate metastable states by the incomplete alloying process [25].
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