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ABSTRACT 

            In the thesis, binary Ni-Ti alloy thin films have been synthesized on Si substrate 

by dc-magnetron co-sputtering technique. Furthermore, prepared Ni-Ti thin films have 

been irradiated by using different ion species and fluence to enhance the various 

properties of Ni-Ti films for MEMS applications. Additionally, implantation of Ni-Ti 

films has also been done by Ag ions. The present research work reports the process 

parameters and mechanism of formation of the precipitate and ductile phase by using SHI 

irradiation technique.  

A systematic investigation of the effect of Ag implantation and Au, Ag, Ni irradiation 

with different fluences on structural properties, lattice strain behavior, mechanical and 

phase transformation behavior of Ni-Ti alloy thin films has been made. X-ray diffraction 

measurements were performed in the θ-2θ mode. The XRD measurement reveals the 

formation of austenite and martensite phases in the deposited Ni-Ti films. XRD 

measurement of films irradiated at different fluences also shows that irradiation of Ni-Ti 

films at higher fluence suppresses the austenite and martensite phases. AFM and FESEM 

measurements show the change in surface morphology of the films with the increase in 

the fluence. For the films irradiated by 100 MeV Ag ions, the surface roughness increases 

continuously. In contrary, the surface roughness of the films irradiated by Au and Ni ions 

increases up to certain fluence and after that surface roughness of the films decreases. It 

has been observed that the small surface roughness contributed by the shallower 

depression exhibits smooth film surface and higher surface roughness occurs probably 

due to the ion irradiation induced sputtering effect. The four probe resistivity 

measurement of implanted and 120 MeV Au ions irradiated Ni-Ti films show the two-

way transformation from cubic to rhombohedral and from rhombohedral to monoclinic 

phase in the films. Transformation temperature decreases with increase in the fluence. 

Influence of implantation/irradiation on mechanical properties is studied by 

nanoindentation measurement. It is found that introduction of Ag implantation in Ni-Ti 

alloy films lead to the mechanical properties (hardness and elastic modulus) by grain 

refinement; however, irradiation of Ag ions lead to mechanical behavior by precipitation 

formation. 
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                                                                                                     Chapter 1 

 

Introduction to Ni-Ti Shape Memory Alloy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the properties of Ni-Ti shape memory alloy are 

described in detail to understand the basic phenomena associated 

with the shape memory behaviour and superelasticity effect. The 

microstructural behaviour and characteristic properties of Ni-Ti 

shape memory alloy are also discussed in profoundly. The 

objectives of the thesis problems are also stated at the end of this 

chapter. 



2 
 

1.1. Introduction: Overview of shape memory alloys 

 During the last several decades, smart or intelligent materials have received 

great interest of scientific community due to their excellent potential applications [1-

3]. However, the definition of smart and intelligent materials has not been reached to 

the consensus yet in the scientific community. In general, a smart material is a 

multicomponent system consisting of three components: sensor, actuator and 

controller. A sensor is designed to sense external stimuli, such as temperature, stress, 

strain, pH, magnetic field, electric field and environmental changes. Actuator enables 

the system to respond in an appropriate time in a controlled manner while the 

controller is responsible for information processing between different components. In 

this way, any physical change in smart materials in response to a given stimulus is 

detected by the system. Once the stimulus is removed, smart materials regain their 

original shape [4-6]. It is well known that the varieties of smart materials are already 

available and being investigated significantly. These materials include shape memory 

alloy, magnetostrictive materials, piezoelectric materials, pH-sensing polymer and 

electrostrictive materials [7, 8]. Each smart or intelligent material has its one or more 

own characteristic properties such as viscosity, stiffness, shape, volume and 

temperature that can be significantly modified. Due to unique capability of these 

materials to respond the stimuli, these materials can be used in various applications in 

the field of microsensors and microactuators [9, 10]. Among the many 

smart/intelligent materials, shape memory alloys (SMAs) are the major elements due 

to their unique properties such as shape memory effect (SME), superelasticity 

(pseudoelasticity), high power density, good chemical resistance, high damping 

capacity and excellent biocompatibility [11-13]. SMAs may sense some physical 

changes such as heating (thermal), mechanical, electric or magnetic stimulus and give 

the pre-determined response. It is also possible to tune some critical parameters such 

as shape, natural frequency, strain, position, stiffness, damping, and other dynamical 

and static characteristics of materials which observed due to the environmental 

changes. 

1.2. Nickel-Titanium (Ni-Ti) shape memory alloy 

Ni-Ti shape memory alloy is the significant dominant element, due to its 

extraordinary properties such as shape memory effect, high damping capacity, high 
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specific energy output and superelasticity (or pseudoelasticity). This novel alloy was 

discovered by Buehler et al. in 1963s at Naval Ordnance Laboratory (NOL) [14-15]. 

The Ni-Ti alloy also called NiTiNOL due to the equiatomic composition of Ni and Ti 

and its place of discovery (NiTi-Naval Ordnance Laboratory). The discovery of this 

alloy was considered as a breakthrough in research and the practical applications of 

shape memory alloys. The unique shape memory effect was first observed in AuCd 

alloy by Chang and Read in 1951, while the pseudoelasticity effect in this alloy was 

observed by Olander in 1932. Since the discovery of SMA, Ni-Ti alloy has grown as 

the best shape memory alloy with excellent properties among all SMAs [16, 17]. The 

various properties of Ni-Ti alloy are summarized in table 1.1 as given below: 

Density 6.4-6.5 g/cm
3
 

Melting point 1240-1300 
o
C 

Latent Heat 24,200 J/Kg 

Specific Heat 470-620J/Kg 

Transformation Hysteresis 30-50 
o
C 

Transformation range -200 to 110
 o
C 

Thermal conductivity (martensite) 8.6 W/m.K 

Thermal conductivity (austenite) 18W/m.K 

Yield Strength (austenite) 200-800MPa 

Young‟s Modulus (austenite) 50-90 GPa 

Yield Strength (martensite) 150-300MPa 

Young‟s Modulus (martensite) 28-41GPa 

Resistivity (martensite) 40-80 μ Ω cm 

Resistivity (austenite) 70-110 μ Ω cm 

Shape memory Strain (max.) ~8-10% 

Table 1.1. Various properties of Ni-Ti SMA. 

The phase transformation in Ni-Ti SMAs is quite exciting phenomena which arise 

with the variation in temperature and applied load. From the last three decades, the 

research on Ni-Ti SMA has the attracted attention of materials scientist and engineers 

[18]. Various approaches, experimental and theoretical are being used to study the 

martensite transformation and shape memory behavior. The phase transformation in 

crystallized Ni-Ti SMAs takes place martensitically from high-temperature austenite 
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(B2) phase to low-temperature martensite (B19) phase either directly or by 

introducing an intermediate R (rhombohedral) phase. The phenomena of intermediate 

transformation to R phase before achieving the martensite phase transformations has 

been the subject of great interest for several researchers [19-21]. The formation of R-

phase in Ni-Ti SMA is observed if the alloy has prepared by some specific processing 

condition such as; higher Ni content, higher temperature annealing, cold working or 

thermal cycle, introduction of third element and the formation of precipitate. The R-

phase to austenite transformation has the small temperature hysteresis in comparison 

to that of austenite to martensite transformation. Furthermore, the transformation from 

austenite to R-phase gives very small strain (~1%); whereas austenite to martensite 

transformation induces a very high strain (~10%). Decrease in strain by twinning 

plays a major role in the formation of R phase because it proceeds by nucleation and 

subsequent growth in parent phase [22]. 

1.3. Introduction to shape memory effect and superelasticity effect 

1.3.1. Shape memory effect  

Shape memory effect (SME) refers to the ability of a material to regain its original 

shape after deformation if heated above a particular temperature. The deformed state 

of the material is known as martensite phase which is a lower temperature phase, 

whereas high-temperature phase is termed as austenite phase. The phenomena of SME 

can be explained by schematic diagram as shown in figure given below [23]. This 

effect is based on the solid state diffusionless phase transformation which is also 

known as martensite phase transformation. Martensite transformation occurs by the 

nucleation and subsequent growth of martensitic plates during the quenching of 

austenite phase [24, 25]. This diffusionless transformation is governed by 

homogeneous and cooperative movement of atoms resulting in the change of the 

crystal structure and phases. During the diffusion process, atoms travel the distance 

which is less than the interatomic distance, therefore maintaining their relative 

positions in such a way that the material remains in solid form. All the atoms move in 

variants/domains resulting in the macroscopic change in shape. This magical 

phenomenon is responsible for shape memory and superelastic effects. Martensitic 

transformation is explained by a shear-like mechanism and is shown in Fig. 1.2(a) and 

(b) [18]. When austenite phase (B2 parent phase) (Fig. 1.2(a)) is allowed to cool 
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below Ms (martensite start) temperature, transforms to martensite phase as 

demonstrated in Fig. 1.2(b). 

 

 

Figure 1.1. The schematic illustrations of shape memory effect phenomena. 

 Such transformation is known as athermal transformation since the amount of 

martensite phase depends only upon the temperature, not on time. In Ni-Ti shape 

memory alloy, martensite transformation is accompanied by twinning of martensitic 

variants responsible for reversible shape change and hence for SME. Martensitic twin 

boundaries are low energy and highly mobile which is favoring the formation of 

martensite plates. As the temperature is increased above As, martensite phase becomes 

unstable and reverse martensite transformation takes place (Fig. 1.2(b) to (a)). 

Although, if stress is imposed on the martensite phase, twin boundaries move and 

form a new phase as shown in Fig. 1.2 (b) to (c). The deformation of the shape of 

martensite in Ni-Ti shape memory alloy is governed by twin boundary motion which 

promotes shrinkage and coalescence of variants. In the case of Ni-Ti shape memory 

alloy, the maximum recoverable strain of martensite variants is about 10%. If 

martensite phase is heated above Af temperature, martensite domains revert to their 

original parent austenite phase (Fig. 1.2(c) to (a)). During heating and cooling 

processes, the path of transformation does not overlap which implies that the 
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martensite phase transformation is accompanied by transformation hysteresis (Af - 

Ms). 

 

 

Figure 1.2. The schematic representation of the mechanism of SME and SE. 

For high-frequency actuators, small hysteresis is recommended therefore a 

transformation with short temperature range (heating and cooling) is desirable. It is 

reported that R-phase shows very small thermal hysteresis. This interesting property 

makes this phase attractive for MEMS applications (e.g., actuators) [26].  

There are two types of shape memory effect 

1.3.1.1. One way shape memory effect 

In one way SME, material remembers only high-temperature phase. After 

deformation, heating above a specific temperature brings the material into its original 

shape. Since in one way SME, shape change occurs during heating only, therefore, it 

is termed as one way SME. One-way SME occurs by very strong reversibility along 

with lattice correspondence during reverse phase transformation. 

1.3.1.2. Two-way shape memory effect 
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In this phenomenon, material remembers both high and low-temperature crystal 

structures. Martensite and austenite both phases remember their original shape 

without the application of external stress unlike one way SME. This phenomenon is 

known as two-way SME. Two-way SME occurs by selective nucleation and growth 

of some martensite variants. For MEMS applications, two-way shape memory effect 

is highly desirable, but it is difficult to make a material able to exhibit two-way shape 

memory effect. Material needs rigorous and repetitive training under certain 

conditions to achieve this effect which is not economical. As an alternate, materials 

with one-way shape memory effect are used with external reset forces.  It can be 

much easier to optimize the design about weight and size if there is no consideration 

should be paid to resetting spring.  In order to understand the shape of martensite 

phase some martensite variants need to be selected. It is known that martensitic 

transformation is stress dependent process. During the nucleation process, the stress 

related variants are arranged in such a way that the elastic energy in minimized and 

thus the martensite phase of a particular shape is formed [27]. There are several 

reports concerning about, various synthesis methods to get the two-way SME such as 

(1) utilization of precipitation, (2) introduction of plastic deformation, (3) thermal 

cycle, (4) constraint aging of material and (5) aging of martensite due symmetry-

conforming short-range order, etc. 

 

 

Figure 1.3. Schematic diagram illustrating the one-way and two-way SME: the 

phenomena are very similar:  starting with martensite state (a), reversible deformation 
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for the one way SME or severe deformation with an irreversible amount for two way 

SME (b), heating the sample (c) and cooling the sample again (d). 

Since freestanding thin films of Ni-Ti exhibit intrinsic two-way shape memory effect 

accompanied by large displacement and small actuation force. This behavior of two-

way shape memory effect is attributed to the: residual stress present in films, the 

formation of precipitates along certain planes during the heating process, non-

uniformity in composition through film thickness [28-30]. The constraint actuators 

can generate large actuation force between film and substrate, but the value of strain is 

sacrificed. On the other side, the substrate provides a biasing force giving rise two 

way shape memory effect [31, 32]. 

1.3.2. Superelasticity effect (SE)                                                                                                   

Superelasticity (SE) or pseudoelasticity is a reversible and elastic phenomenon which 

occurs against an externally applied stress. This phenomenon is based on the phase 

transformation between the low symmetric martensite and high symmetric austenite 

phase of shape memory alloys [33]. Pseudoelasticity occurs at high temperature where 

parent phase or austenite phase is stable. At sufficiently high temperature, a good 

amount of mechanical strain stimulates the transformation of parent phase to the de-

twinned martensite phase. Since this transformation does not depend on the 

temperature; rather it is induced by applied stress therefore also known as the stress-

induced martensitic transformation.  The applied strain is accommodated by the local 

shear mechanism. When the load is removed, strain is recovered back and material 

turns back to its original parent phase. This phenomenon is shown in figure 1.2. It is 

reported that Ni-Ti shape memory alloy can recover up to ~10% strain without plastic 

deformation [34]. This amount of recoverable strain is quite high than that obtained in 

the conventional metallic shape memory alloys (∼0.5%) [35]. Pseudoelasticity is 

possible only if the total amount of deformation is accommodated by diffusionless 

martensite phase transformation. In case, if an excessive strain is applied, there is a 

chance that dislocation glide may occur, which will inhibit the reversibility of 

pseudoelasticity. 

1.4. Ni-Ti crystal structures 
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The Ni-Ti SMA has three types of crystal structure (phases), austenite, martensite and 

rhombohedral (R-phase). The austenite and martensite are the temperature dependent 

structures, whereas the rhombohedral (R-phase) is a compositional dependent 

structure. The austenite phase is known as the parent phase of equiatomic Ni-Ti alloy 

and has a CsCl -type B2 cubic ordered structure with a lattice constant of 0.3015 nm 

and space group Pm 3 m. The crystal arrangement of austenite phase is shown in 

figure 1.4 (a) [36]. Martensite is a low- temperature phase, the formation of this phase 

takes place by the diffusionless shearing of atoms with the same composition as 

parent phase and has an AuCd type (e.g., monoclinic, orthorhombic or tetragonal) 

crystal structure, denoted by B19‟, as shown in figure 1.4 (b). In this structure, the 

cooperative movement of atoms is less than that the interatomic distance, unlike 

diffusional solid-state transformation. Through this cooperative arrangement, atoms 

maintain a relation, known as lattice correspondence, between high symmetrical 

austenite and low symmetrical martensite phase. The B19‟ structure belongs to P21/m 

space group. The lattice parameters for the monoclinic structure in equiatomic Ni-Ti 

(Ni50.8 at.pct.Ti tested at 50 C°) alloy was observed by Kudoh et al. and found a = 

0.2898 nm, b = 0.4108 and c = 0.4646 at an angle β = 97.78° [37, 38]. The table 1.2 

shows the different crystal structures of Ni-Ti SMAs [39, 40]. 

 

Figure 1.4. Crystal structures of austenite (a) and martensite phases (b). 
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Ni-Ti alloy 

phases 

Crystal 

structure 

Lattice Parameters 

(nm) 

Observed in 

Martensite (B19‟) Monoclinic β = 97.78° 

a = 0.289 

b = 0.410 

c = 0.464 

Alloy  quenched from 

parent B2 phase 

(noticeable from 

surface relief) 

Austenite (B2) 

 

 

Cubic A = 0.3015 nm  

Martensite (B19) Orthorhombic 

 

 

a = 0.288 

b = 0.427 

c = 0.451 

50at.% Ti-(50at.%-X) 

Ni-X (where X is an 

third elements) 

R -phase Trigonal a = 0.738 

c = 0.532 

In Ni rich Ni-Ti alloy, 

Thermal annealing or 

cold work, NiTiX 

(ternary alloys) 

                                                                                                                                       

Table 1.2. Detailed information about Ni-Ti phases with their crystal 

structures. 

Austenite phase to R phase transformation is a thermoelastic phenomenon with 

unique properties such as high fatigue, narrow hysteresis. Owing to these 

multifunctional properties, this material has become an excellent choice for practical 

applications [41]. The R phase transformation can be observed under certain 

conditions during cooling and heating cycles prior to the formation of martensite and 

austenite phase.  The observation of intermediate R-phase between austenite and 

martensite phase frequently changes the transformation path as from B2→B19‟ into 

B2→R→B19‟. The R-phase transformation is recognized as pre-martensite 

transformation. Moreover, R-phase transformation is considered as a second order 

phase transformation which occurs before B19‟ transformation by rhombohedral 

distortion of the austenite phase. The lattice parameter can be described by stretching 

the cubic B2 lattice along the <111> diagonal direction. If we consider the corner 
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angle α, which is 90° in B2 cubic austenite, as clearly seen in figure 1.5, changes its 

position (90°) with the change in temperature [42]. 

 

 

Figure 1.5. Phase transformation from cubic austenite (B2) structure to rhombohedral 

(R) structure. 

1.5. Ni-Ti SMA Phase diagram  

A phase diagram of a metallic alloys system shows the graphical representation of the 

equilibrium conditions of different phases. Phase diagram of the alloys consists 

distinct phase boundaries which separate the different phases from each other. For a 

binary alloy system, the concentration of the element is a very important factor and is 

always represented along X-axis. Another most widely used variable is the 

temperature, which is represented along the Y-axis. 

The phase transformation in Ni-Ti SMAs system is a very interesting phenomenon; 

shape memory properties of this alloy can be enhanced by tuning phase 

transformations temperature. The SE and SME take place in nearly equiatomic Ni-Ti 

alloy with Ni concentration in the range of 45 to 50 atomic%. Figure 1.6 shows the 

phase diagram of Ni-Ti binary alloy [3]. From phase diagram, it is clear that the 

solubility in Ni-Ti alloys is gradual changes with temperature in Ni-rich side whereas 

in the Ti side presence of a steep solvus boundary is observed. A small variation in 

the stoichiometry of Ni-Ti alloys can significantly lead to the formation of 

precipitation of the second phase. It was observed that diffusion less phase 
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transformation takes place in Ni-rich Ni-Ti alloy, during slow cooling or aging from 

high temperature. In Ni-rich side, Ni-Ti alloy follows the following precipitation 

sequence, B2→Ni4Ti3→-Ni3Ti2→Ni3Ti as reported in reference [36]. In these phases, 

the Ni4Ti3 phase is a metastable phase, which is observed at low temperature and short 

aging time, whereas Ni3Ti phase is known as the stable precipitation phase. The 

existence of Ni4Ti3 precipitation phase in the alloy is primarily important to increase 

the shape memory characteristic properties and strength of material. The inset of 

phase diagram (Fig.1.6) shows the different equilibrium metastable phases between 

Ni-Ti and Ti3Ni4. 

Furthermore, the mechanism of formation of precipitates in Ni-Ti alloys is extremely 

important to adjust the transformation temperatures for practical applications. It is 

known that martensite transformation temperature is very sensitive to the alloys 

composition, as 1 at. % variation in the composition of alloys changes the martensite 

transformation temperature more than 100 K [12].  

 

Figure 1.6. Ni-Ti binary alloy phase diagram. 
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For the practical applications observation of, metastable equilibrium phases in 

between Ni-Ti and Ni4Ti3 is of very much important. Precipitation hardening in bulk 

Ni-Ti SMA on Ti-rich side cannot be used since the solubility limit is found to be 

almost vertical and manipulation of Ti2Ni phase cannot be simply used to improve the 

properties of SMAs. However, this situation changes in sputtered deposited Ti-rich 

Ni-Ti films crystallized via the amorphous state, which is a non-equilibrium process. 

The microstructure of the film is entirely different from that of the bulk alloy. 

 

Figure 1.7. The schematic representation of TTT diagram for aging behavior in Ni-

rich Ni-Ti alloys. 

Nishida et al. [36] investigated the effect of composition on precipitation process in 

Ni-rich Ni-Ti alloys based on aging time and temperature. The observed TTT (Time-

temperature-phase transformation) diagram for different compositions of the alloy is 

presented in figure 1.7. The TTT diagram shows that at the short aging time and lower 

aging temperature, Ni4Ti3 phase is observed, while at longer aging time and higher 

aging temperature, the Ni3Ti phase appears and at an intermediate aging time and 

temperature Ni3Ti2 phase is formed. Further, Nunomura et al. [43] studied the phase 

relation and microstructure of SMAs based on Ni3Ti, Ni3Nb and Ni3Al pseudo-ternary 

alloy. Later, Hara et al. [41] performed a study on Ni3Ti2 precipitate phase to 
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determine the crystal structure and phase transformation characteristic from the 

crystallographic point of view. The crystal orientation of both low and high-

temperature phases and twinning of low-temperature phase was also investigated in 

detail. High-temperature phase exhibit a tetragonal crystal structure with Pd3Ti2 type 

symmetry and space: group14/mmm. The values of lattice parameters were 

determined by using the Rietveld method and found: a = 0.3095(38) and c = 

1.3585(169) nm. The crystal structure of low-temperature phase is orthorhombic with 

Al3Os2 type symmetry and space group: Bbmm. The lattice parameters for this 

structure were obtained: a = 0.4398(49), b = 0.4370(48) and c = 1.3544(150) nm, 

respectively. 

1.6. Phase transformation in Ni-Ti alloy 

The most important aspect of this alloy is related to the variation in characteristic 

temperature at which the SMA transformed from one crystal structure to another. 

There are six different characteristic temperatures related to the phase transformation. 

These transformation temperatures can be obtained by measuring the physical 

property such as electrical resistivity as a function of temperature. The typical 

characteristic temperatures of phase transformation are given as follows: 

 As:  austenite start temperature (during heating); 

 Af: austenite finish temperature (temperature at which the martensite phase is 

complete transforms to austenite); 

 Ms: martensite start temperature (during cooling); 

 Mf: martensite finish temperature (temperature where the austenite phase complete 

transforms to martensite phase); 

 Rs,: R-phase start temperature (during cooling); 

 Rf,: R-phase finish temperature (during cooling); 

 Rs': R-phase start temperature (during heating); 

 Rf': R-phase final temperature (during heating). 

The transformation temperatures of SMAs strongly depend upon the elemental 

composition, heat treatment and alloying process, etc. [12]. Furthermore, stress 

generated in the Ni-Ti system alloy also affects the phase transformation properties. 

The effective way to control the transformation temperature is changing the 
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composition of the alloy. In several cases, 0.1 at.pct change in composition, affects 

transformation temperatures more than 10 °C. In equiatomic Ni-Ti SMA the 

transformation temperature is very sensitive to the Ni composition since Ni-rich side 

has some solubility limit at high temperature. Continuously, increase in Ni 

concentration can cause the drastic decrease in transformation temperature. Since on 

the Ti-rich side, there is no such dependency of transformation temperature was 

found, most probably because in Ni-Ti phase diagram the solubility of Ti side is 

almost vertical [44]. 

 

Figure 1.8. Martensite temperature (Ms) as function of Ni composition for binary Ni-

Ti SMA. The data has been plotted for different authors using different symbols, and 

solid line represents thermodynamic calculation. 

1.7. Ni-Ti thin films  

A large number of concepts on bulk Ni-Ti SMAs have been implemented 

successfully. However, for some special applications (such as robotic manipulators 

and temperature dependent switching) bulk Ni-Ti has very less attention due to its 

slow response during heating and cooling cycles [45, 46]. Therefore, Ni-Ti thin films 
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or special thin wires are explored for their possible use in miniature robotics and 

MEMS system at micro to millimeter scale. In the form of thin film, Ni-Ti SMAs 

have received great interest of scientific community due to their excellent properties 

for MEMS applications, such as high power density, high power to weight ratio, good 

chemical resistance, pseudoelasticity (or superelasticity) and excellent 

biocompatibility [47, 48]. The work output per unit volume for SMA thin film is quite 

large in comparison to other micro-actuation mechanisms. Phase transformation in 

Ni-Ti SMA thin film is accompanied by significant changes in physical, electrical, 

chemical and mechanical properties, such as shape recovery, thermal expansion 

coefficient, surface roughness, electrical resistivity, dielectric constant, yield stress, 

young modulus, hardness and damping [49-51]. These changes can be fully utilized in 

design and fabrication of micropumps, micro-switch and micro-grippers, etc. for 

MEMS applications. The SMA materials also posses higher sensitivity for the 

environmental changes, e.g., stress, or thermal and are ideal for the microsensors 

applications [52]. 

1.8. Importance of Ni-Ti thin films 

Nowadays, the demand for micromachines has increased significantly in 

various fields such as biotechnology, aerospace, nanotechnology, micro-electro-

mechanical systems (MEMS), industries including various biomedical applications 

[53-55]. 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 [56], low voltage controllability, biocompatibility and shape memory 

behavior, etc. Also, the work output per unit volume of these films is quite large as 

compared to other micro-actuation mechanisms [57]. Recently, NiTiCu based 

ultralow-fatigue SMA films containing Ti2Cu precipitates for 10 million 

transformation cycles were reported for artificial heart valve or elastocaloric cooling 

[58]. 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 exhibiting martensite phase) and phase transformation behavior. The 

phase transformation is accompanied by significant changes in the structural, 

electrical, mechanical and chemical properties of films, thus controlling the design 

and fabrication of micro-actuators out of several methods one of the effective way to 

produce phase transformation in shape memory alloys is swift heavy ion irradiation. 
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The ion irradiation has the unique capability to enhance the properties of the shape 

memory alloys. 

1.9. Modification of material properties induced by swift heavy ion irradiation 

(SHI)  

The development of advanced materials with novel properties without compromising 

with their bulk properties is one of the main challenges for the scientific and 

technological revolution. Advanced technological applications demand tailor of 

shape, size distribution, and surfaces and interfaces along with excellent mechanical 

and physical properties. SHI has attracted the attention of research community for 

tuning the materials properties which would be a rapid advancement in the field of 

materials science. At present, ion beam technology has grown as a versatile 

technology for the development of miniaturized devices which require basic 

fundamental understanding about the interaction between ions and matter [59-63]. 

Deposition of localized energy density into a specified volume is the main advantage 

of SHI over thermal equilibrium process. Furthermore, the study of the interaction 

between ions and matter establishes an interdisciplinary connection between 

condensed and atomic physics.  

As the beam of energetic ions interacts with the materials, loses its energy into the 

materials and significantly modifies the various properties of materials. The 

modifications of materials properties depend upon the amount of energy deposited 

into the materials by swift heavy ions; therefore a desired modification in material 

property can be achieved by choosing the particular beam and fluence, which is not 

possible by using any other technique [64-65]. However, energy deposited by SHI is 

much more localized, and process of deposition of energy into the material is far from 

equilibrium condition. The controlled deposition with spatial selectivity of energy and 

fluence is the special feature of SHI beam.   

Nowadays, the swift heavy ions technique has been emerged out as a versatile 

technique for tailoring the materials properties in order to make them multifunctional. 

SHI technique is capable to tailor mechanical, magnetic, structural, optical, 

thermodynamical and chemical properties of a material. When the swift heavy ions 

impart on the material, a number of phenomena can occur such as plastic deformation, 

epitaxial crystallization, mixing of materials, amorphization, sputtering, and 
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nanophase & nanostructure formation in the material, etc. [66-69]. The methods 

employing ion beams cover a huge range of ion species, energy and fluence. Use of 

these methods in combination with other materials preparation technique allows the 

production of multifunctional materials with extra processing degree of freedom.  

When the energetic ions pass through the material, lose their energy into the material 

mainly through collision either with the nucleus of target material or electron of the 

target [70-73]. There are two types of energy loss of energetic ions into the material; 

one is nuclear energy loss and other is electronic energy loss. In nuclear energy loss, 

the velocity of the incident ions is relatively as minute as compared with Bohr 

velocity of orbital electrons. Hence, incident ions hit the material nuclei elastically 

and energy of the ions is directly transferred to nuclei, which results in displacement 

of material atoms. This energy loss is dominant at low energy range (energy< MeV) 

and is very useful for ion implantation and mixing of materials in semiconductor 

industries [74]. While in electronic energy loss, the velocity of incident ions is higher 

than the Bohr velocity of orbital electron and is dominant in the higher energy range 

(energy in the range of few MeV to few GeV).  

When the electronic energy charge ions pass through the material, a large amount of 

energy is deposited in a confined volume [61]. Due to this large amount of electronic 

energy deposition, material goes into molten state for very short time duration (~few 

pico-second) and generates a cylindrical track along their path termed as ion track. 

The motivation of the present thesis work is based on the ion beam induced 

modifications of Ni-Ti shape memory alloy thin films for various applications for 

MEMS device. Chapter 2 gives the glimpse of the work performed on SHI irradiation 

induced modifications in SMAs materials; which inspired me to formulate the thesis 

problem. 

1.10. Objectives of the thesis 

Ni-Ti thin films are important for the application of SMA in the emerging field of 

micro devices such as MEMS, which demands high quality of SMA thin films 

deposited on silicon substrate. In addition to the growth of SMA thin films, precise 

control on properties of SMA is essential for various applications. The main focus of 

the present research is to acquire precise control on the various properties of Ni-Ti 
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thin films associated with shape memory behavior by using low energy and high 

energy ion beam; due to its unique capability to modify the materials at the nanometre 

scale. After considering all issues given in the previous section, the main objectives of 

my thesis are formulated as; 

 The optimization of deposition parameters of Ni-Ti films to get the highly 

crystalline films on Si substrate. 

 To deposit Ni-Ti thin films with both phases (low-temperature martensite and 

high-temperature austenite) to understand the interaction mechanism of SHI ion 

irradiation on both phases. 

 To tailor the structural, electrical and mechanical properties of Ni-Ti films by SHI 

irradiation for MEMS applications.   

 To understand the strengthening mechanism of Ni-Ti films by using ion 

implantation and irradiation. 

 To modify the Ni-Ti film surface by ion-beam irradiation and to investigate its 

effect on mechanical properties for MEMS application. 
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Chapter 2 

 

Literature Review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter plan to offer the background for the research work 

presented in this thesis. The subsequent part of this chapter deals with 

the literature review carried out for investigation of various properties 

of binary Ni-Ti alloy for MEMS. Various modification methods 

available in the literature are discussed. Special attention has been 

given to the effect of swift heavy ion irradiation in Ni-Ti alloy films. 

Moreover, the effect of ion implantation on Ni-Ti alloy thin films is also 

explained profoundly. The effect of metallic and non-metallic ions on 

phase transformation behaviour and various properties are also 

discussed. The last section of this chapter deals with the identification 

of some grey areas (research gap) related to the research on Ni-Ti 

alloy thin films. 
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2.1. Introduction  

Intermetallic binary alloys are promising materials with superior shape 

memory properties which make them a suitable candidate for various applications 

such as robotics, medicine, electronics, telecommunication and optics, etc. [75, 76]. 

The shape memory behavior in these alloys is governed by thermoelastic martensitic 

transformation. During thermoelastic martensitic transformation, highly symmetric 

cubic parent phase is converted into low symmetric monoclinic martensite phase. It is 

interesting to note that the martensite phase can exist in twenty-four type of variants 

with the significant difference in their geometry.  Each variant has its characteristic 

geometric configuration [77]. After the deformation, martensite phase converts into 

that variant which has the lowest internal energy for stabilization. Upon heating above 

Af temperature, atoms of the deformed martensite phase re-occupy their original 

position giving the shape memory effect.  

Over the past few years, thin films of Ni-Ti alloy have attracted much 

attention of research community due to their increasing demand for MEMS 

applications [78, 79]. It has been reported that the transformation from austenite to 

martensite phase takes place not only directly but also by an intermediate phase 

known as R-phase. This R-phase transformation is accompanied by very small 

thermal hysteresis compared to direct transformation (austenite to martensite), which 

makes it very useful for actuator applications such as microsensors and microswitches 

[80, 81]. The martensite transformation can be triggered by changes the temperature, 

stress or external magnetic field. Both the stress and thermally induced martensitic 

transformations have diverse practical applications.  

Although, binary Ni-Ti thin films possess excellent superelasticity, shape 

memory behavior, biocompatibility, and resistance against corrosion and are widely 

being used in the industry. Even though, the tribological properties of thin films are 

very inferior.  To improve the tribological properties of Ni-Ti films, surface 

treatments are used; which consequently enhance the mechanical and tribological 

properties. Therefore, surface modifications of Ni-Ti thin films could be more 

advantageous to enhance the various properties. There are several reports indicating 

the improvement in surface properties of Ni-Ti thin films by surface treatments [82-

86]. In general, the surface modification is achieved by SHI irradiation and ion 
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implantation methods. These methods are precise enough to alter the surface structure 

of thin films including their microstructure, chemical composition, and physical 

properties. 

2.2. Studies based on the investigation of various properties of Ni-Ti SMA thin 

films for MEMS. 

[1] Kumar et al. [87] synthesized Ni-Ti thin films by dc-sputtering technique and 

studied the variation in phase transformation path as a function of film 

thickness. The XRD results reveal the presence of austenitic (1 1 0) phase in 

the films from the beginning of the deposition, which could be due to the 

minimum surface energy of bcc plane. The reflection (211) corresponding to 

austenite structure was observed in films having the thickness greater than 2.3 

μm due to the release of strain energy at higher thickness. The electrical 

measurement results infer that the film with thickness 300 nm experiences 

resistance force due to the inter diffusion between substrate and film and small 

grain size. The films with higher thickness (634 nm and 1.1 μm) exhibit the 

constrained martensite to austenite phase transformation via intermediate R 

phase followed by a small temperature hysteresis width, which makes the 

material suitable for the actuator application. The film with thickness 2.3 μm 

shows the complete phase transformation. 
 

In another study, the same author investigated the effects of grain size on 

structural, mechanical and electrical properties of Ni-Ti films deposited at 

three different temperatures 350, 450, 550, and 650 °C [88]. From this study, it 

was observed that substrate temperature play a significant role on surface 

morphology, structural and phase transformation behavior of Ni-Ti SMA. The 

crystallinity and grain size increased with increasing the substrate temperature. 

The low hardness and depth recovery ratio were observed in all the films 

deposited at different substrate temperatures. This was due to the dominance 

of martensite phase at room temperature. The resistance versus temperature 

curves represents an increase in phase transformation behavior with increase 

the grain size. The films deposited at a temperature of 350 °C show the 

negative temperature coefficient of resistance and non-metallic behavior. But, 
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the film deposited at substrate temperature ≥ 350 °C showed the metallic 

behavior. 

 

[2] The effect of film thickness on shape memory behavior of equiatomic Ni-Ti is 

studied by Ishida et al. [89]. It was observed that transformation strain and 

residual strain under the constant stress are very sensitive to the film thickness, 

below 5 μm. The strain generated in Ni-Ti films are affected by the two types 

of constraints: surrounding grains and surface oxide layer. With increasing the 

thickness, the former effect becomes dominant, but the latter effect becomes 

weak. As a consequence, the residual strain and transformation strain are 

found the maximum for 2 μm films thickness. In contrary to this, no 

significant effect was noticed for the films above 5 μm thickness. They 

proposed that the formation of TiO2 on the film surface reduces Ti 

concentration beneath the surface oxide layer. As a result, the changes in 

composition leads to decrease in transformation temperature with 

simultaneous increases transformation start and finish temperatures. 

  

[3] The effect of elemental concentration on structure, electrical and mechanical 

properties of Ni-Ti films was studied by Sanjabi et al. [90]. The expected 

superelasticity and shape memory behavior was observed corresponding to 

different film compositions, comparable with bulk alloy. The electrical 

measurement confirmed that in near equiatomic and Ti-rich films, phase 

transformation occurs from low-temperature martensite phase to high-

temperature austenite phase above the room temperature. Whereas in Ni-rich 

films, it occurs below room temperature. Nano indentation measurement 

demonstrated the superelastic effect in Ni-rich films and martensite 

deformation in equiatomic and Ti-rich films. 

 

[4] Reddy et al. [91] investigated the effect of annealing temperature on 

microstructure, morphology and mechanical properties of Ni-rich Ni-Ti films. 

The prepared Ni-Ti films were annealed at four different temperatures 350, 

450 550 and 650 °C. They observed that the degree of crystallization increased 

with increasing the annealing temperature as confirmed by XRD. The 

mechanical properties such as hardness and elastic modulus increased at 

higher annealing temperature due to the nucleation, growth process of grains 
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and segregation of Ni3Ti precipitation phase. The surface morphology of the 

films changed with the variation in annealing temperature. As the temperature 

increased, grain growth was noticed. As a result; microstructure changed from 

wavy topography to globular type of structure. 

 

[5] Tong et al. [92] investigated the effects of annealing temperature on 

mechanical and phase transformation behavior of Ni-Ti thin films deposited on 

glass substrate. The annealed films at different temperatures show the 

formation of Ni4Ti3 and Ni3Ti precipitation phases and decomposition of Ni4Ti 

phase into Ni3Ti phase at 600 °C temperature. The nanoindentation 

measurement showed the increase in hardness and elastic modulus with 

increasing the annealing temperature. This improvement in mechanical 

property was attributed due to the formation of Ni3Ti precipitation phases.  

The martensite transformation temperature was also increased with increasing 

the annealing temperature. 

2.3. Modification of Ni-Ti SMA by post-deposition treatment: Ion irradiation 

The different properties of bulk Ni-Ti SMAS such as structural, mechanical, electrical 

with different types of particle irradiation such as electron irradiation, neutron 

irradiation, proton irradiation and high or low energy ion irradiation have been studied 

by several research groups. But there are very few reports available on SHI irradiation 

induced modifications in Ni-Ti SMA thin films. 

 

[1] Barbu et al. [93] studied the condition for track formation in Ni-Ti 

intermetallic compound by irradiation with swift heavy ions. The irradiation of 

the bulk alloys has been done by using the large range of energy with different 

ions to cover the large range of Se (from 17- 52 keV). It was revealed that ions 

track were only induced in the monoclinic structure but not in cubic one; only 

when the linear rate of energy deposition by electronic excitation was greater 

than 46 keV/nm. They described that the tracks were amorphous in their center 

which decreases phase transformation temperature from monoclinic to cubic at 

the periphery of track region. At electronic excitation rate (Se) = 32 keV/nm, 

no individual tracks were formed, and only monoclinic to cubic structure 

transformation was seen. For (Se <17 keV/nm), swift heavy ions was unable to 
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create any visible crystal structure modifications by electronic excitation. The 

formation of track in Ni-Ti SMAs was discussed with the framework of 

“thermal spike” and “coulomb explosion” models. 

 

[2] Lagrange et al. [94] observed that SHI induced damaging effects can benefit 

the shape memorial behavior and bias the shape recovery if the detrimental 

effects are more controlled. Using this concept, high energy ion beam is used 

to alter the martensite phase transformation and bias the motion of SMAs thin 

films. They observed that the sample irradiated at a fluence of 1×10
14

 ions/cm
2
 

by 5 MeV Ni ions shows maximum amorphous fraction at a depth of 1.2 μm, 

it was 0.7 μm shallower than the maximum atomic displacement from nuclear 

collisions calculated by TRIM simulations. This study reveals the possible 

influence of electronic stopping power on the damaging process. A significant 

phase transformation was observed below the threshold electronic stopping 

power reported by Barbu et al. (17 keV/nm). In case of 80 MeV Ar ions study, 

the amorphous zone was found at a fluence of 1×10
15

 ions/cm
2
. They found 

significant damaging effects from ions having lower electronic stooping power 

(< 9 keV/nm) near to 5 MeV Ni ions energy (3 keV/nm). This observation 

confirmed that electronic stopping plays the major role in the damaging 

process.  

 

In another study, they investigated the effect of 5 MeV Ni ions irradiation on 

unstrained and pre-strained microstructure of Ni-Ti thin films [95]. They 

observed that irradiation of the films suppressed the martensite transformation 

and stabilized the high-temperature austenite phase at room temperature in 

both strained and pre-strained films. The phase transformation or 

amorphization of the films at high fluences were observed due to the damage 

accumulation mechanism. At higher fluence, defect accumulates to a critical 

value increasing the free energy of the system high enough to induce a 

transition to the amorphous state. They also concluded that the irradiation-

induced transition was higher in the pre-strained films as compared to 

undeformed film, which confirms the strain sensitive irradiation induced 

transformation.  
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[3] Goldberg et al. [96] deposited the thin films of Ni-Ti by sputtering and 

characterized by X-Ray diffraction (XRD), differential scanning calorimetry 

(DSC) and Rutherford backscattering spectroscopy (RBS). They found that 

irradiation of the films with MeV He ions below 0.01 dpa causes a decrease in 

pre-martensitic transformation temperature by 5
 o

C during both heating and 

cooling. The stabilization of austenite phase with fluence was also observed. 

They conclude that the displacement of atoms from their original site 

increased the internal energy of alloy system via broken bond around newly 

formed vacancies. The increase in disorder and entropy of the system modified 

the Ni-Ti phase diagram showing the shifting of phase transformation towards 

lower temperature side. 

 

[4] Konopleva et al. [97] investigated the effect of neutron irradiation on 

martensite transformation and shape memory behavior in Ni-Ti alloy at the 

low-temperature helium circuit. The irradiation of alloys at 170 K in 

martensite phase revealed that the transformation from cubic austenite phase 

to rhombohedral (R) phase and from rhombohedral (R) phase to martensite 

phase decreases exponentially with increasing the ion dose. However, there 

was no change occurred in shape memory behavior and transformation 

plasticity of the alloy up to a dose of 6.7×10
22

 n/m
2
. 

 

[5] Vishnoi et al. [98] studied the effect of 450 keV Ar ion irradiation on the first 

order phase transformation behavior of NiMnSn ferromagnetic shape memory 

alloys thin films prepared by dc magnetron sputtering on Si (100) substrate at 

550 °C. The prepared thin films were characterized by using X-ray diffraction 

(XRD), Scanning electron microscopy (SEM), and Transmission electron 

microscopy (TEM). The XRD study showed the improvement in the 

crystallinity of films up to a certain fluence of 1×10
15 

ions/cm
2
, and above this 

fluence (3×10
16

 ions/cm
2
) the crystallinity of the alloy films decreased result 

into complete amorphization of the films. This result was further authenticated 

by TEM bright field images and SEM micrographs. In addition to this, at the 

higher fluence of Ar ions also deteriorates various properties of the alloy is 

attributed to the formation of precipitates and facilitation of defect diffusion. 
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[6] Wang et al. [99] investigated the effects of 1.7 MeV electron irradiation and 

subsequently heat treatment on multistep phase transformation in Ni-rich Ni-

Ti alloy at different fluences. They observed that the irradiation and heat 

treatment of the alloys had prominent effects on transformation temperatures, 

but with different characteristics. There was a minor change from first 

orthorhombic (R phase) to monoclinic (martensite phase) transformation after 

irradiation. But second R-phase to monoclinic phase transformation 

temperature was significantly decreased with increase in electron fluence and 

completely suppressed at a fluence of 12.8×10
20

/m
2
. Whereas, after heat 

treatment, R-phase transformation (start/finish) shifts to lower temperature and 

R-phase to martensite phase transformation shifts to the higher temperature. 

They concluded that the effects of electron irradiation and heat treatment on 

transformation characteristics are not exchangeable. However, irradiation is 

considered as a prominent technique for modification of the alloys properties.  

 

[7] Waitz et al. [35] studied the effects of electron irradiation on martensite 

transformation temperature of TiNi shape memory alloys by using TEM and 

differential scanning calorimeter (DSC). The electron irradiation was 

performed by using TEMs with the different accelerating voltage of 200, 300, 

400 and 1000 keV. After irradiation, the voltage of TEM was changed to 

investigate the critical value of voltage for irradiated induced martensite 

transformation. The phase transformation in Ni-Ti bulk alloys occurred under 

electron irradiation above 350 kV, but not observed at 340kV or below this 

accelerating voltage. It was interesting to note that the phase transformation 

took place in very less time (few second) of irradiation. They found that the 

phenomena of electron irradiation induce martensite transformation was 

observed due to the displacement of atoms from their lattice position by the 

accelerating voltage. The critical value of displacement energy was found 18 

eV for bulk Ni-Ti SMA.  

 

[8]  The effect of electron irradiation on martensite transformation temperature of 

Ni-Ti bulk SMAs has been investigated by Zu et al. [100,101]. The Ni-Ti 

alloy samples were annealed at 673 K for 1 hrs before irradiation and then 

irradiated by 1.7 MeV-energy. The DSC results show the two-step phase 

transformation during both heating and cooling. The R-phase to martensite 
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transformation decreases with increasing the electron dose. The change in 

transformation characteristics was due to the elastic stress relaxation around 

the Ti3Ni4 precipitate phase, and the migration and accumulation of 

irradiation-induced point defect.  

 

[9] Wang et al. [102] studied the effects of 18 MeV proton beam irradiation on 

R-phase transformation in bulk Ni-Ti alloy at two different doses 1.5 ×10
13

 

and 1.5 ×10
14

 H
+
/cm

2
. The microstructure and transformations characteristics 

of alloy before and after irradiation have been investigated by TEM and DSC. 

After irradiation, R-phase start transformation temperature (Rs) and reverse 

martensite finish transformation temperature (Af) decreased with the increase 

of proton irradiation. The Rs temperature decreased about 3-6 K while the Af 

temperature decreased about 9-13 K. The results show that parent austenite 

phase was stabilized in all doses. The variation in transformation temperature 

was observed due to the local stress field generation, and ordering of austenite 

phase originated by proton beam irradiation through point defect cluster and 

small displacement cascades. 

 

[10] The effect of proton beam irradiation on mechanical and phase transformation 

behavior of Ni-Ti alloy wire has been investigated by Afzal et al. [103]. The 

Ni-Ti wire in parents phase has been irradiated by 2 MeV proton beam for the 

different time 15, 30, 45 and 60 minutes at room temperature. After 

irradiation, obtained results indicate that an intermediate R-phase is introduced 

between parent austenite phase and the martensite phase, which results in 

suppression of direct transformation between austenite and the martensite 

phase. The hardness of Ni-Ti wire increased linearly with the increase of 

exposer time up to 60 minutes. The formation of R-phase, variation in 

transformation temperature and improvement in mechanical properties of 

irradiated alloys was attribute due to the lattice disorder and associated change 

in crystal structure after irradiation. 

 

[11]  The influence of electron beam irradiation on the mechanical response of 

Nitinol at room temperature has been studied by Yousaf et al. [104]. The Ni-

Ti alloy in parent phase was irradiated with 6, 9, 12, 15 and 18 MeV electron 

beam for 10 min. at a dose rate of 300 cGy/min. The crystalline to amorphous 
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phase transformation is observed in the specimen irradiated with high energy, 

i.e., 15 and 18 MeV electron energy. This significant reduction in crystallinity 

of the Ni-Ti alloy was noticed due to the displacement damage caused by 

electron-irradiation. Moreover, mechanical properties, ultimate tensile strength 

are also decreased with the increase of electron energy and thus making the 

material less ductile. 

2.4. Modification of Ni-Ti SMA by post-deposition treatment: Ion implantation 

[1] Ikenga et al. [105] studied the microstructure of Ni-Ti bulk alloy implanted 

by Cu
2+ 

ions at the energy of 3 MeV and 100 K and 300 K temperature. The 

implanted microstructure was studied by using Transmission electron 

microscopy (TEM) and XRD. TEM images of the implanted sample (300 K) 

at a fluence of 10
14

 ion cm
-2 

indicates the formation of the amorphous phase, 

whereas, ion implantation at 100 K did not show the amorphization even at the 

fluence of 10
15 

ion cm
-2

. The crystalline nature of alloy implanted at 100 K 

confirmed by XRD study. The XRD pattern of the alloy also confirms the 

formation of the amorphous state in alloy implanted at 300 K. 

 

[2] Zhao et al. [106] investigated the effects of Niobium (Nb) ion implantation 

with a MEVVA ion source, on the surface characteristic, mechanical and 

corrosion behavior of Ni-Ti alloy. It was observed that Nb implantation at 

different dose leads to the formation of Nb2O5/TiO2 compact precipitate phase 

on the surface of Ni-Ti alloy. The formation of precipitation phase takes place 

up to 30 nm depth on the surface, resulting in depletion of Ni content. The 

nanoindentation measurement shows that hardness and Young modulus of the 

alloy decrease with increasing the fluence. This reduction in mechanical 

properties was attributed to the damaging effects, caused by the Nb ion 

implantation. The potentiodynamic polarisation test shows the improvement in 

corrosion resistance of the Ni-Ti alloy after implantation. The alloy implanted 

at a moderated fluence of 1.5×10
17 

ion/cm
2
 and 2 mA current shows the best 

corrosion resistance. 

 

[3] The mechanical and structural properties of Boron and Nitrogen ion implanted 

Ni-Ti SMA with several doses (1×10
16

, 5×10
16

 and 1×10
17

 at.cm
-2

) have been 
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investigated by Pelletier et al. [107,108]. As a function of ions fluence and 

species, different phases and microstructures were obtained using grazing 

incident XRD. The low dose boron and nitrogen ion implantation in the near-

surface region significantly improve the mechanical properties such as 

hardness and elastic modulus. The GIXRD measurement has revealed that the 

main hardening mechanism was generated by the formation of the partial 

amorphous layer around the ion projected. The formation of partial amorphous 

layer seems to be independent of the implanted dose and species. 

 To confirm the actual hardening mechanism, the same author conducts 

another study in which alloy with the same composition was irradiated by 1.5 

Ar ions. They conclude that main hardening mechanism was occurred due to 

the formation of the irregular, amorphous layers around the ions projected 

range. These implanted layers divided into several sub-layers, correlated to the 

amorphous zone density through the thickness. The volume of amorphous 

layered also seems to be independent of the dose of argon ions. That indicates 

that overlapping of damage region is needed for crystalline to amorphous 

phase transformation. At long range, the disappearance of crystal structure 

corresponding to the austenite phase is related to the ballistic effects, i.e., 

generates of dislocation, vacancies in austenite crystal lattice. However, the 

mechanism of phase transformation in Ni-Ti under SHI is very complex, and 

recrystallization and partial restoration phenomenon may take place.   

  

[4] Gorji et al. [109] studied the effect of carbon and nitrogen ion implantation on 

Ni-Ti alloy thin films at 80 keV energy and 3×10
17

cm
-2

 ion dose to improve 

the wear resistance of the films. The implanted films were characterized by 

using different techniques such as X-ray photo electron spectroscopy (XPS), 

GIXRD, AFM and nanoindentation. The XPS and GIXRD studies showed the 

formation of different phases such as TiN, Ti2Ni and different kind of oxide 

phases after implantation. The nanoindentation measurement revealed the 

improvement in wear behavior of the implanted films via increasing the nano-

hardness and decreasing the scratch coefficient of the films. This improvement 

in mechanical properties was observed due to change in chemical composition 

of films and formation of the different types of new phase such as carbide, 

oxide, and nitride.  
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[5] Zhao et al. [110] modified Ni-Ti SMA by hafnium (Hf) ion implantation to 

improve its surface integrity and wear resistance against deformation. They 

observed the formation of TiO2/HfO2 layer on the surface of Ni-Ti alloy after 

implantation. XPS and Auger electron spectroscopy techniques revealed that 

the thickness of this layer increases with increase in fluence. The alloy 

implanted with moderate fluences possessed thickest oxide layer and highest 

amount of Hf concentration. The composite HfO2/TiO2 layer formed after 

implantation consists very less amount of Ni on the alloy surface. The nano-

hardness of implanted alloy decreased even up to the depth larger than the 

implanted ion range. They conclude that, at a moderated incident dose, the Hf 

implanted Ni-Ti alloy possess better wear resistance than the unimplanted one. 

Moreover, the pseudoelastic behavior of the alloys improved with the increase 

of implanted dose and retained their integrity even after being deformed in 

tension to 10%. 

 

[6] The mechanical and phase transformation behavior of nitrogen ion implanted 

Ni-Ti SMA was investigated by Kucharski et al. [111]. The indentation test 

at micro and nano-scale and tension test were performed to study the local 

superelastic effects in different volume of unimplanted and nitrogen implanted 

alloy. Furthermore, changes in characteristic temperatures after implantation 

treatment were measured by DSC. It was observed that ion implantation 

modifies the properties not only in the thin surface layer but also in bulk 

material. The superelastic effect of the super facial layer up to the depth of 

implanted ion was destroyed. The martensite characteristic transformation 

temperatures (start/ finish) were shifted to the higher values after the nitrogen 

ion implantation. It was found that martensite content increases with ion dose. 

Consequently, the residual depth of indenter also increased and due to the soft 

nature of martensite phase and therefore load versus depth curve become more 

similar to those detected for the elastic-plastic behavior. 

 

[7] Li et al. [112] modified the Ni-Ti alloy by plasma immersion ion implantation 

(PIII) with Ta at different incident current to improve the mechanical 

properties and corrosion resistance of the alloy. It was observed that Ta 

implantation leads to the formation of composite Ta2O5/TiO2 layer on the Ni-
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Ti alloy surface. Augur electron microscopy revealed the suppression of Ni 

from the superficial surface layer of implanted Ni-Ti alloy. The 

nanoindentation measurement results showed the obvious reduction in 

hardness and Young modulus after Ta implantation. The Potentiodynamic 

anodic polarization test showed the improvement in corrosion resistance after 

PIII implantation. The Ni-Ti SMAs alloy implanted at a moderated incident 

current acquires a uniform surface morphology and higher surface roughness, 

which gives the best corrosion resistance. This work suggested that Ta 

implantation in Ni-Ti SMAs alloy is an effective way to improve the 

cytocompatibility and corrosion resistance in future biomedical applications. 

  

[8] Levintan et al. [113] analyzed shape memory and mechanical properties of 

nitrogen ion-implanted Ni-Ti alloy for orthopaedic device and surgical tools. 

The Ni-Ti alloy in martensite phase has been implanted by the high-dose ion 

with low energy 65 keV at different fluences 1×10
17

 5×10
17

 and 1×10
18

 J/cm
2
. 

It was observed that after implantation, the nitrogen and carbon implanted 

layers are formes on Ni-Ti surface. The formation of these layers plays a 

complex multifunctional role to change the mechanical properties of the alloy. 

The change in Ti to Ni concentration ratio was noticed due to preferential 

sputtering of Ni atoms over Ti atoms after implantation. 

 

[9] Oliveira et al. [114] observed that nitrogen plasma based ion implantation 

process (PBII) was able to modify the surface layer of Ni-Ti SMA. Such 

surface modifications of Ni-Ti alloy by ion implantation are very efficient to 

improve many important properties, thus extending the applications of this 

alloy in the harsh space environment. After implantation, a huge amount of 

nitrogen concentration was observed on the surface and implanted nitrogen 

ions diffused to large absolute depth in the direction of bulk Ni-Ti alloy. As a 

result, a clear suppression of Ni atoms was observed on the top surface of the 

alloy. The formation of TiN layer was identified by XRD and intensity of 

martensite peaks increased with increasing the incident angle of XRD. They 

suggest that PBII caused a significant reduction in the friction coefficient of 

the implanted samples, which is more noticeable in the begging of the test. 

This reduction in friction coefficient was attributed to the presence of nitrogen 

ions to a large depth towards the bulk material. The implanted ions caused a 
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significant change in the wear behavior of Ni-Ti alloy, which avoided the 

realizing of material during friction tests and increase the corrosion resistance 

of material after implantation. 

  

[10] Zayonts et al. [115] studied wear resistance and surface tribological properties 

of Ni-Ti bulk alloy implanted by 50 keV nitrogen ions at different fluences, 

1×10
17

, 1×10
18

 and 2×10
18 

cm
-2

.  The surface characteristic and wear test on 

the implanted surface was done by using depth sensing indentation test, dry 

sliding-wear test, and scanning profilometry method. The observation shows 

that implanted treatment modifies the near-surface layer up to 190-220 nm and 

lead to suppression of Ni content from the surface in 40-50 nm depth. The 

significant depletion of Ni content in the layer down to 100 nm thickness was 

observed after implantation. The hardness and mechanical properties (wear 

resistance) of the alloy were significantly enhanced after implantation. The 

improvement in hardness is ascribed to the formation of different precipitation 

phases, harden solid solution. Furthermore, the Ti-based compounds (Included 

TiN) were formed after treatment in the depth of 30 nm to 120 nm. 

After the extensive literature review, it was found that the binary Ni-Ti alloy has 

immense technological importance, if the irradiation-induced damaging effects and 

unpredictable   martensite transformation can be controlled and also irradiation 

parameters such as the energy of the beam, mass of the beam and fluence are properly 

chosen. The main focus of the current interest is to achieve precise control on the 

various properties related to martensite transformation temperature and shape memory 

behaviours. After literature survey, we have determined following grey areas as 

research gap in Ni-Ti alloy which needs further investigations; 

These are as follows: 

I. There is no systematic study on Ni-Ti thin films irradiated or implanted by 

various metallic ion beams.  

II. There is no systematic study of the effects of ion irradiation on high 

symmetric austenite and low symmetric martensite phases simultaneously. 

III. There is lack of systematic investigation describing the effect of ion irradiation 

on precipitation hardening mechanism of Ni-Ti films. 
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IV.  Modification of Ni-Ti binary alloy thin films by negative ions implantation is 

less explored work; therefore it needs further investigation. 

 

The paramount interest of the present study lies in the fact that it will enhance the 

existing knowledge in the field of irradiation-induced modifications in Ni-Ti alloy 

thin film. There are no systematic studies on the effect of metallic ions on the 

structural, electrical and mechanical behavior of Ni-Ti thin films; hence the 

investigations itself will be a new contribution to the research.  The current study will 

open a new path to control the irradiation induce damaging effects and shape memory 

behavior of the alloy. The controlled effects of energetic ions on various properties 

are immense technological importance for various MEMS applications. 
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Chapter 3 

 

Thin Films Deposition Methods and Characterization 

Techniques 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter comprises the details about the synthesis method used 

for the present research work. Apart from this, a brief description of 

Swift heavy Ion Irradiation, implantation methods and 

characterization techniques used in this work are appended under 

several sections. Methodology of various characterization techniques 

such as Rutherford backscattering spectrometry, X-Ray Diffraction, 

Atomic force microscopy, Field Emission Scanning Electron 

Microscopy, Energy-dispersive spectroscopy, Four probe electrical 

resistivity measurement and nanoindentation used to accomplish the 

present research work are elaborated in this chapter. 
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3.1. Thin films deposition techniques 

The properties of Ni-Ti thin films differ significantly from their bulk counterpart with 

a variation in deposition methods, composition and other practical parameters such as 

the area of deposition, vacuum level [116]. Although several methods have been 

developed to deposit Ni-Ti thin films, among them vacuum evaporation, arc plasma, 

ion plating, laser ablations, and sputtering technique are the popular and widely used 

methods. In above methods, thin films deposited by sputtering techniques are more 

suitable for MEMS applications because of uniform thickness, compositions, and 

better processing rates [117,118]. Sputtering technique is one of the extensively 

employed technique to fabricate thin films due to it is ability to deposit multi-

component thin films with controlled thickness and composition. Besides, thin films 

deposited by sputtering process exhibit excellent mechanical properties due to fine 

grains size. Sputtering technique is also used to fabricate highly adherent films with 

the substrate and with complex shaped objects. Thin films of Ni-Ti first synthesized 

by Thomas et al. in 1982‟s by electron irradiation. The obtained films were 

amorphous even this discovery was a milestone in the area of shape memory alloys 

[119]. In 1983 Sekiguchi et al. firstly synthesized the crystallized Ni-Ti thin films by 

vacuum deposition and found the phenomenon of shape memory effect [120]. Later in 

1987, Ti-56Ni alloy thin film was deposited by Kim et al. by using magnetron 

sputtering. However, the composition of the obtained thin film was not equiatomic, 

and these films did not show the martensitic phase transformation. Even this attempt 

opened up a possibility of using sputtering techniques for Ni-Ti shape memory thin 

films [121]. In this study, magnetron co-sputtering technique has been employed for 

depositing Ni-Ti thin film samples. 

3.1.1. Sputtering techniques 

In the sputtering process, a solid target is bombarded by highly energetic ions which 

cause the ejection of surface atoms from the target material. This phenomenon occurs 

only when the energy of the incident ions is higher than the binding energy of target 

material [122].  Prolonged bombardment of highly energetic ions causes depletion of 

target material which subsequently deposits on the substrate in the form of thin film. 

Sputtering is performed either by dc voltage or rf voltage.  
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Advantages of sputtering technique 

There are so many advantages of the sputtering technique over the other techniques. 

(1) The film can be deposited in a large area with higher uniformity.  

(2) Deposited films have better reproducibility. 

(3) Higher adhesion between deposited film and substrate. 

(4) Desire control on film growth and thickness. 

(5) It can deposit the higher melting point materials. 

(6) Ability to deposit the thin films with different composition and morphology. 

There are various types of sputtering techniques: 

3.1.1.1. Physical sputtering 

Physical sputtering is based on the principle of moment transfer between incident ions 

and target atoms [123,124]. As highly energetic plasma ions fall on the surface of the 

target material, momentum exchange takes place due to severe collision cascades. 

When the energy of incoming ions is high enough to break the bonds of target atoms, 

makes them eject out leading to sputtering process. Sputtering yield is defined as the 

ratio of the average number of atoms ejected out per incident plasma ions. Sputtering 

yield depends on so many parameters such as the mass of the bombarding ion and 

target material, incident angle, energy of bombarding ions and surface binding energy 

of target atoms.  

3.1.1.2. Potential sputtering 

When the multiple charge ions projectile at the solid surface, a special form of 

electronic sputtering take place which is known as potential sputtering[125]. In this 

process, the potential energy is always stored in the form of multiply charged ions and 

separated out when the ions recombine during impact on a solid surface. This type of 

sputtering process is strongly dependent upon the sputtering yield and charge state of 

the incident ions and takes place when the energy of incident ions is well below the 

threshold of physical sputtering. This type of sputtering has only been observed for 

certain target materials [126]. 

3.1.1.3. Electronic sputtering 
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In this technique, highly energetic electrons or highly charged heavy ions incident on 

the target material and lose their energy by electronic stopping power [127]. This 

energy promotes electronic excitations causing sputtering of the atoms from the 

surface of the target material. This technique is widely used for the sputtering of 

insulator target material because of very slow quenching rate of electronic excitations 

unlike in conductors. 

3.1.1.4. Etching and chemical sputtering 

The removing of atoms from the surface of the target material with the sputtering of 

inert gas ions is called “ion etching” or “ion milling”. This type of sputtering gives 

higher sputtering yield in comparison to physical sputtering process because; plasma 

process has large numbers of chemically active ions and radicals. The reactive ions 

are often used in secondary ion mass spectroscopy (SIMS) technique to increase the 

sputtering rate. 

The sputtering which is observed below the threshold energy limit of physical 

sputtering is known as chemical sputtering [128].  In this sputtering, the target 

material is bombarded with a highly chemical reactive species causing the material to 

sputter out. The chemical reaction between target atoms and projectile atoms knocks 

out the loosely bounded atoms of the target surface which subsequently deposit onto 

the substrate. This technique has been extensively used in the semiconductor 

industries for etching and structuring of surface patterns. 

3.1.2. Magnetron co-sputtering 

Sputtering is a physical vapor deposition method used to prepare highly uniform 

nanocrystalline thin films. In the present work, Ni-Ti thin films were synthesized by 

using dc magnetron co-sputtering technique at UGC DAE CSR Indore. The geometry 

and fundamental principle of magnetron sputtering are described here. The details of 

deposition parameter of Ni-Ti films are discussed in next chapter (section 4.1). The 

schematic of the sputtering deposition process is shown in figure 3.1[129].  

Magnetron sputtering technique is a type of plasma vapor deposition process where 

plasma ions promote the ejection of atoms from the surface of target materials 

working as the negative electrode. Positively charged ions of the plasma are allowed 
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to accelerate towards the target by the application of electric field. These positively 

charged plasma ions have sufficient energy to eject out the atoms of the target 

material. The target atoms eject out in a line-of-sight cosine distribution pattern and 

condense on the surface of the substrate which works like a cathode. The target 

material depends on the choice of the film to be fabricated on the substrate according 

to the requirement. For conducting targets, deposition can be done by dc power 

supply while for insulating target materials RF power source is used. 

 
 

Figure 3.1. Schematic representation of magnetron sputtering deposition process. 

This technique is known as magnetron sputtering because it makes use of the 

magnetic field to trap the electrons which promote the ionization process at low 

pressure. Magnetron sputtering was pioneered in 1852, but it took around 100 years 

for commercialization in the industry. At present, the sources of magnetron sputtering 

are available many geometric configurations. Simultaneously, the target materials are 

also available in tubular, rectangular or circular shape. 

In the sputtering process, the high ion current is required for the better sputtering rate. 

The collision of sputtering gas ions with target material causes: 

 Emission of secondary electrons; 
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 Emission of atoms from  target surface; 

 Backscattering of the sputtering gas atoms. 

The deposition rate also depends upon the flow of gas atoms. The mean free path of 

the gas atoms is given as (130); 

/ . . (3.1)l kT p    

where k is Boltzmann constant, T temperature and ζ is the cross section and p is 

the gas pressure. The above equation shows that pressure of the gas should be 

lower than a certain maximum to obtaining the maximum deposition rate. The 

magnetron co-sputtering setup used in the present is given below: 

 

Figure 3.2. Magnetron co-sputtering setup (AJA International, Model- SHQ OR) used in 

present study at UGC-DAE CSR Indore. 

3.2. Post Treatment Methods 

3.2.1. Swift heavy ion irradiation 
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The ions which have the energy in the range of MeV to GeV are known as Swift 

Heavy Ions (SHI) [131]. Swift heavy ion irradiation technique has been extensively 

used for engineering the various properties of materials [132]. The alteration of 

material properties by SHI irradiation depends upon the interaction between the 

incident ions and the target material. The incident ions interact with the target material 

and lose their energy into the material by two independent ways (a) through the elastic 

collision with the nucleus of target material which is termed as the nuclear energy loss 

(Sn), and (b) through inelastic collision with the electron of the target material known 

as the electronic energy loss (Se). The nuclear energy loss is mainly dominant in the 

low energy range (Sn< MeV) or the energy range of few keV to few hundreds of keV, 

while the electronic energy loss (Se) or high energy heavy ions is dominant in the high 

energy range, i.e., energy is in the range of few MeV to few GeV.  For SHI, the 

electronic energy loss (Se) in the target material is (>1MeV/amu) via inelastic 

collision. In SHI irradiation, the projectile ions impart energy to electrons and these 

electrons transfer their energy to lattice via the electron-phonon coupling. The Figure 

given below shows the variation of electronic and nuclear energy loss for the SiO2 

target material [133].  

 

 

Figure 3.3. Energy loss distributions for Ag-ions in SiO2 matrix calculated by SRIM 

2008 code. 
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3.2.1.1. Introduction to 15UD Pelletron accelerator 

In the last few decades, ion beam technique has become very much popular to tune 

the properties of engineering materials. Since the 1960s, ion implanters or accelerators 

have become the essential component of semiconductor electronics industry. At 

present, ion implanters are widely being used for many biomedical applications such 

as cancer therapy, etc. Such possibility of engineering the properties of materials has 

opened the new avenue of interdisciplinary research for the betterment of human life. 

At present, IUAC is having the facility of 15 UD tadem accelerator which is capable 

to attaining terminal potential 15 MV [134, 135]. This accelerator is capable of 

accelerating a large range of ions from proton (H
1+

) to uranium (except inert gases) 

with energy ranging from few MeV to 100 of MeV depending on the ion species to be 

accelerated. Fig 3.4 shows a diagram of 15 UD tandem Pelletron accelerator.  The 

Pelletron is installed in a stainless steel tank with 26.5-meter height and 5.5-meter 

diameter. The middle part of the tank is connected to high voltage terminal with the 

grounding of top and bottom part.  

 

 

 

Figure 3.4. Schematic diagram of Pelletron Accelerator situated at IUAC, New Delhi. 
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The diameter and height of this tank are 1.52-meter and 3.81-meters respectively. The 

charging of this terminal can be done form 4 to 16 MV potential gradient. To maintain 

the potential gradient between the terminal and the ground of the tank, accelerating 

ceramic titanium diffusion bonded tubes are used. A highly insulating 

sulfurhexafluoride gas is filled into the tank with a pressure of 6-7 bar, to prevent 

spark which possibly may occur with high terminal potential. The source of negative 

ions is situated at the top part of the building. MC-SNICS (Multi-Cathode- Source of 

Negative Ion by Cesium Sputtering) is used as the negative ion source. The negative 

ions generated by the source have -1 charge state and further accelerated under the 

influence of high voltage power supply. Further, ions are selected according to their 

respective mass under the application of varying magnetic field applied by the injector 

magnet. The filtered ions with particular mass are allowed to bend at downward angle 

90° in connection with the upper ground of the tank. These negative charge ions at the 

top of tank (grounded) attract towards the terminal with an energy gain of VT MeV. 

Further, these negatively charged ions are accelerated through a C foil or N2 stripper 

by changing the polarity. The role of the stripper is to strip the electrons from the 

negatively charged ions giving rise to positive ions with q charge state. These ions are 

further accelerated with an energy q times VT due to the ground potential at the 

bottom of the tank. The final energy of the ions coming out of the accelerator can be 

defined by following equation [136]: 

 

[ (1 ) ] (3.2)deck TE E q V     

 

where q is the charge state of ions after stripping, VT is terminal potential in MV, and 

Edeck is the deck potential of MC-SNICS source.  

After crossing the stripper, ions have different energies with different charge states. 

These ions are energetically analyzed by using a 900 bending magnet termed as 

analyzer magnet. At this stage, the ion with desired energy and charge state are 

filtered by analyzer magnet. Once a beam of ions with desired energy are achieved, 

transferred to the experimental beam line through the switcher magnets. By using the 

multiport switching magnet, it is possible to deflect the beam in any of the seven 

beam lines situated in the beam hall as per the experimental requirement. To achieve 

the ultra-high vacuum in the accelerator, ions and getter pumps are used. As the ion 
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beam passes through the accelerator beam line, it is mandatory to align the beam in 

the center, and this is done by using steering and quadruple triple magnets. For visual 

monitoring of the beam, quartz or beam profile monitors are used and beam current is 

measured by Faraday cups.  

3.2.1.2. Material Science beam line 

Multi-port switching magnet is used to provide the direction to the ion beam in any 

one of the beam line out of seven. Material science beam line is available in beam hall 

1, which is situated in the right side of the zero degrees beam line with an angle of 15 

degrees. The high vacuum irradiation chamber of material science beam line is made 

up of stainless steel with 68 cm diameter. Figure 3.5 shows the diagram of the high 

vacuum chamber. To create the high vacuum, the system is equipped with the rotary 

pump and turbo molecular pump. The operation of rotary pump followed by turbo 

pump creates 10
-7

 mbar vacuum in the chamber during the experiment. Copper made 

four-sided sample holder also known as target ladder can mount 24 samples at a time. 

After mounting the samples, target ladder is placed into the chamber. The movement 

of the ladder is managed by a stepper motor attached to a mechanical assembly. Apart 

from this, the motion of the ladder can also be controlled by electronic system 

available in the data acquisition room. The sample is brought in the path of the ion 

beam by monitoring the luminescence of the ion beam falling on the quartz crystal. To 

look inside the chamber during the experiment, an arrangement of CCD camera and a 

light bulb is provided. CCTV screen of the data acquisition room shows the 

exact position of the beam. 

After locating the beam position on CCTV monitor, sample is placed in that position 

by horizontal and vertical movement of the ladder. The beam is focused with the help 

of a steerer and a magnetic quadrupole. To irradiate the sample, beam performs 

scanning in x and y directions with the help of an electromagnetic scanner. Scanning 

is performed in an area of 10×20 mm
2
. Scanning is performed in such a way that it 

covers most of the area of the sample to maintain the uniformity of the irradiation 

effects. Target ladder is surrounded by a secondary electron suppressor kept at -120 

V. The suppressor is designed with an opening which allows the ion beam to an 

incident on the sample.  Finally, target ladder collects the electric potential which is 

further measured by the current integrator device. 
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Figure 3.5. Photograph of vacuum chamber of Material Science beam line at IUAC New 

Delhi. 

In the present study, we have taken 120 MeV Au, 100 MeV Ag ions and 90 MeV Ni 

from Pelletron accelerator for the modification of Ni-Ti thin films deposited on Si 

substrate in materials science beam line.  

3.2.2. Low energy accelerator (Ion implanter) 

Ion implantation technique is an excellent technique to introduce the dopant atoms 

into the target materials, especially for the semiconductor industry. This technique 

offers higher flexibility, higher homogeneity over large surface areas. Apart from this, 

the possibility of adjusting the implantation doping during the multiple ion 

implantation is the main benefit of this technique which is not possible by 

conventional diffusion technique. The ion implanter system consists of different 

subsystems given as (1) ion source, (2) mass separator or mass analyzer, (3) 

accelerator stage, (4) beam scan system and finally the (5) target chamber. These 

different subsystems can be utilized in the different configuration as shown in figure 

3.6. The design of early implanter was usually based on the single accelerator and a 

magnetic analyzer (Fig 3.6 a), in which the ions travel only in the straight line through 
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the magnetic analyzer. The mass analyzer used in these systems has very less 

resolving power. 

 

Figure 3.6. Three basic implanter configurations. 

Therefore, this accelerator can only be used for atomic research to accelerate the light 

mass ions such as helium and hydrogen. For the mass separation of heavier ions, large 

magnetic field is needed. This large electromagnet requires large amount of electric 

power for water cooling. Later, to save the energy, design of accelerator was split into 

two major parts, (a) preacceleration and (b) postacceleration as given in figure 3.6(b) 

and (c). The preacceleration part accelerates the ions to 10-30 keV energy before mass 

separation. After mass separation, some of the selected ions are re-accelerated with 

the final energy of 80-500 keV. This design of the accelerator reduces the power 

consumption, X-ray generation and has the advantage to accelerate only the required 

ion species to very high energy. 

The designs of latest ion implanters are included the optimization of low power 

consumption, size of implanter and vacuum requirement. The schematic of latest 

implanter is shown in figure 3.6 b.  The important part of the implanter is the 

placement of beam scanning system before the postaccelertion stage. This 

arrangement reduces beam deflection to minimum levels which is desired for higher 

ion energies. The technical construction of the ion accelerator is shown in figure 3.7.  
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Figure 3.7. Schematic diagram of low energy ion beam implanter at IUAC, New 

Delhi. 

 

The figure shows that the ions are extracted from the high potential ion source (0–500 

kV) by applying the addition voltage 10-30 kV. The extracted ions subsequently enter 

to entrance slit of mass separation magnet. After mass separation, beam passes 

through the analysing magnet into the entrance side of acceleration tube. Here, the 

ions are accelerated to the required energy. Further, the beam is focused through the 

acceleration tube and quadrupole lens (e.g., ion optical elements) and is directed to the 

target material in XY-scan direction. The X and Y- scanning are used to get the 

uniform distribution of ions on the target surface. The current of incident ions is 

measured by using the Faraday cups near the target position or around the target 

connected to current integration. 

3.3. Characterization techniques 

The different characterization techniques such as Rutherford backscattering 

spectrometry, X-ray diffraction, Atomic force microscopy, Field emission scanning 

electron microscopy, Four Probe electrical resistivity (ER) measurement and Nano-

indentation were employed to characterize the various properties of as-deposited and 

irradiated/implanted Ni-Ti thin films on Si substrate. All these techniques are 
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extensively explained in the literature. A brief discussion and fundamental principle 

behind these techniques are presented here, relevant to thesis work.  

3.3.1. Rutherford backscattering spectrometry  

Rutherford backscattering spectrometry (RBS) is a non-destructive characterization 

technique which is used to determine both elemental composition and depth of a thin 

layer within several nm [137]. In RBS a beam of low mass ions bombarded into the 

surface of sample and energy of backscattering ions is recorded at an angle with an 

energy sensitive detector. RBS is based on elastic scattering of α-particles from 

different nuclei of the target material. In the elastic scattering of α-particles, there is 

no energy transferred between the incident particle and target atoms during the 

collision and the state of target atoms remains unchanged. In collision process, the 

energy of projected α-particles transfers elastically to the target atoms, which depends 

upon the mass of both projectile and target atoms [138].  The measurement of this 

method may be performed for both crystalline and amorphous materials. The 

determination of energy of scattered α-particles from target atoms provided the 

information of atomic species. RBS is performed with He
+
 (α-particles) ions in the 

energy range of 0.5 to 3 MeV and backscattering α-particles are identified by using a 

semiconductor detector subtending a small solid angle [139]. In RBS energy of 

scattered ions and signal are analyzed by using conventional nuclear electronic. The 

energy (E) of backscatter α-particle from the surface atoms of target materials at an 

angle θ is given by the following relation [140]: 

(3.3)oE KE 
 

where oE  denotes the energy of projectile and K is the kinetic factor. The kinetic 

factor is defined as:   

2 2 1/2

2 1 1

1 2

[( ) ]
(3.4)

m m Sin m Cos
k

m m

  
 


 

where m1 and m2 are the mass of the projectile and target atom and θ is the scattering 

angle of projectile respectively. In above equation, the positive sign is taken when the 

mass of projectile is less than the target materials, otherwise negative sign is taken. 
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Figure 3.8. Scattering processes of RBS technique. 

 

The total number of backscattering particle per unit area can be calculated by 

measuring the total number of backscattered particles form the surface of the target 

material at which the beam has targeted and given as:  

.
(3.5)
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where Y is the yield (total number of detected particles), Np is number of projectile 

atom, dΩ is detector solid angle, dζ/dΩ is differential Rutherford scattering cross 

section and α tilt angle on the sample surface with respect to the incident beam. 

The differential cross section ( /d d  ) for backscattering in the laboratory system 

gives the equation: 
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where, 
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Z1 and Z2 …………………… Atomic number of projectile and target material nuclei,  

m1, m2 …………………………Mass of the projectile and target nucleus, 

e…………………………………Electronic charge, 

E………………………………...Initial energy, 

 θ…………………. ……………Backscattering angle.  

 

When m1<<m2, the above equation can be written as; 
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In the present study, RBS characterization facility was done by 1.7 MV Pelletron 

Accelerator installed at IUAC New Delhi. RBS data is analyzed by using the 

SIMNRA simulation developed by Max-Planck- Institute for Plasmaphysics in 

Germany to find the elemental stoichiometry, film thickness and depth profile [141]. 

3.3.2. X-Ray Diffraction (XRD) 

XRD is a versatile characterization technique used to element identifies and 

quantitative determination of lattice parameter and phase present in the solid 

materials. It is based on the principle of elastic scattering of X-ray by periodic lattice 

[142]. In addition to this, XRD also gives the information about physical properties 

and chemical composition of bulk materials and thin films deposited on the substrate. 

X-rays are the electromagnetic radiation, which is produced by the copper (Cu) 

source. The wavelength of the Cu Kα radiation is 1.548 Å, and it comparable to the 

size of the atom (1.5 Å). In 1913, Sir W. H. Bragg and his son Sir W. L. Bragg 

developed an equation to explain as to why the cleavage faces of crystals appear to 

reflect the X-ray beam at certain angles of incidence. In a crystal lattice, if d is the 

interplanar distance between atomic layers and λ is the wavelength of the incident X-

ray beam and small n is the integer then the Bragg‟s equation for constructive 

interference is given by the relation: 

2 sin (3.8)d n    
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by using the above equation one can calculate the atomic and molecular structure of 

the crystals. Figure 3.9 represents the fundamental schematic diagram for Bragg‟s 

equation. 

 

 

 

Figure 3.9. Fundamental beam optics schematic diagram of X-ray diffraction. 

The XRD pattern of films was obtained using the Bruker D8 Advance X-Ray 

Diffractometer from Analytical using a Cu-Kα (λ= 1.54 Å) source. The incident optics 

was set to 1° and 1 cm slits. These measurements were carried out in a 2θ range of 35-

52 degree at a scan speed of 0.6˚/minute. The lattice spacing “d” was calculated using 

Bragg‟s equation (eq. 3.9) which is further utilized to calculate lattice constant. 

Monochromators sources are used to stop the undesired portion of the radiation. To 

focus irradiated area of specimen the aperture diaphragm is set between the tube and 

specimen as shown in fig. 3.10. The source of X-ray is classified into two ways, one is 

sealed tube and another is rotating anode. Both sources are used to generate the 

monochromatic X-ray. The X-rays are generated when a beam of high energy such as 

the electron is interacting with mater. In this process a filament usually made-up of 

tungsten is heated to generate the electron. The generated electrons are accelerated 

due to the potential difference toward the Cu target. These accelerated electrons create 

a characteristic spectrum by ejected the electron from the core-shell of target materials 

(Cu). This spectrum is composed of several discrete energy levels, which is 
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suppressed by using the suitable filter to get the monochromatic X-ray on the surface 

samples. 

 

 

 

Figure 3.10. Schematic diagram of the beam path. 

 

Determination of Particle Size 

The qualitative analysis of target materials is accomplished by knows the crystal 

arrangement of that material. For a material, the important parameter is crystallite 

size, which can be calculated by the width of Bragg reflection. The mean 

crystallographic crystallite size (D) of the crystalline material can be calculated from 

the XRD data by applying the Scherrer‟s formula [142]. 

D =
0.9

(3.9)
cos



 
  

where λ is the wavelength of Cu-Kα (λ=0.154 nm) radiation, β and θ are full width at 

half maxima (FWHM) in radian on the 2θ scale and Bragg‟s angle respectively. 

Effect of lattice strain on peak position and width 

The orientation of crystal lattice changed with the change in peak position, which can 

be further utilized to calculate the information about lattice strain such as compressive 
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or tensile and shear. The fig. given below shows the variation of peak position at a 

fixed 2θ angle [143]. 

 

Figure 3.11. Schematic of strain effects. 

3.3.3. Atomic force microscopy  

Atomic force microscopy (AFM) is a form of scanning probe microscopy, which has 

the very high resolution of the order of nanometre to 1000 times better than the optical 

diffraction limit.  The information associated with AFM is obtained by sweeping the 

surface of the solid materials by using a mechanical probe. The probe is made up of 

piezoelectric element which has very exact and accurate movements on electronic 

command. In 1980s Gerd Binning and Heinrich Rohrer developed the precursor to 

AFM, the scanning tunneling microscope (STM) at IBM Research-Zurich and for this 

work both got the noble prized in physics in 1986s [144, 145].The first experiment on 

AFM was performed by Binnig, Quate, and Gerber in 1986s.  

The first commercial AFM was introduced in 1989s. AFM is a paramount technique 

for imaging, measuring and manipulating of materials from angstrom to microns 

scale. For scanning the top surface of the test specimen, AFM instrument consists of a 

microscale cantilever along with the sharp tip (probe). The cantilever used in AFM 

instrument is typically made of silicon or silicon nitride. In the event that the tip is 
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helped bring into proximity of the sample surface, various forces between the sample 

surface and tip lead to deflection of the cantilever according to Hooke‟s law: 

 

(3.10)F kX    

 

where k is constant, and X is the displacement. The value of k depends upon the 

dimension and shape of the elastic materials. 

Depending on the various conditions, AFM can be used to measure various types of 

forces including van der Waals forces, electrostatic forces, mechanical contact forces, 

Casimir forces, capillary forces, salvation forces and magnetic forces (through 

Magnetic force microscope), etc. In addition to forces, it is also possible to measure 

some other additional quantities by using Scanning Thermal Microscopy (STM) or 

photothermal microspectroscopy. For this purpose, specialized probes are designed as 

per the requirement [146]. For example, an array of photodiode equipped with Al or 

Au-coated cantilever is used to measure the deflection with the aid of a laser spot 

reflected from the surface. Moreover, piezoresistive AFM cantilevers, capacitive 

sensing, and optical interferometry are the other prominent techniques for the 

measurements. At the time of measurement, a constant force is maintained between 

the sample surface and tip through a feedback mechanism which accommodates the 

distance between the sample surface and tip. A vertical piezo scanner holds the tip, 

and the sample surface is scanned in X and Y direction by another piezo block. The 

obtained 2-D image of the scanned area shows the topographical features of the 

scanned part of the sample surface.  

The AFM device can be operated in three different imaging modes [147]:  

1. Static mode- which is also known as contact mode. 

2. Dynamic mode- also known as non-contact mode. 

3. Tapping mode. 

1. Static mode                                                                                          

The probe is “dragged” over the sample surface, and the curves of the surface are 

taken by using the deflection of the cantilever or by using the feedback signal which is 

used to maintain cantilever at a constant position. Since static signal measurement is 
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prone to drift and noise. Therefore, to achieve sufficient deflection signal with low 

interaction force, low stiffness cantilevers are used. During the measurement near the 

surface of the sample, an attractive force is quite high, and forces cause the tip to “fall 

into” on the sample surface. Thus, AFM in contact mode is always done in depth 

where the attractive force has minimal effect and repulsive force is dominant, i.e., tip 

is always in “contact” with the solid surface. There is one disadvantage over the 

contact mode that is large lateral forces exist on sample as the drip is move over the 

specimen. The present mode is useful for high-speed atomic resolution scans and also 

known as the variable-deflection mode. The schematic diagram of the AFM is shown 

in figure 3.12.                                                                             

2. Dynamic mode or noncontact mode 

In the dynamic mode of AFM, surface of sample does not contact with tip of 

cantilever. The cantilever is highly oscillated close to their resonance frequency or 

just above the amplitude modulation. In this mode, the spacing between the sample 

surface and tip is on the order of 10 to several 100 of angstroms. 

 

 

Figure 3.12. Schematic diagram of basic constituents of the AFM instrument. 

The amplitude of oscillations including phase and resonance frequency is altered by 

interaction forces between tip and sample surface. Change is oscillation frequency 

with respect to the standard reference oscillation gives information about the sample‟s 
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surface characteristics. These changes are measured, collected and recorded for image 

processing. The schematic illustration of AFM for image processing is show in Fig. 

3.13. 

3. Tapping mode 

This is a well-known dynamic mode of AFM which is operated in the presence of 

gases/air. The Cantilever is positioned above the surface and oscillates at its resonance 

frequency. In this way, cantilever taps the surface only for a small fraction of its 

oscillation period. Although, it seems that the sample is in contact with cantilever but 

this contact occurs for a very short period of time. In the meantime, as the tip scans 

the surface, lateral forces are reduced dramatically. This mode is most suitable for soft 

and poorly immobilized samples rather than contact mode. In addition, this mode is 

also used for phase imaging where phase shift of the oscillating cantilever is measured 

with respect to the driving signal. This phase shift is the characteristic feature of the 

materials properties which affect the interaction between the tip and sample surface. 

On the basis of this phase shift, total sample area can be differentiated with different 

properties like adhesion, friction and viscoelasticity. 

 

 

Figure 3.13. Schematic illustration of AFM setup. 
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In present thesis works, we deposited the Ni-Ti thin films on Si substrate by using dc- 

magnetron co-sputtering. The topography views were characterized by using a Bruker 

make Nanoscope V system with a Si3N4 cantilever.  

3.3.4. Field emission scanning electron microscopy (FESEM) 

Field emission scanning electron microscopy characterization technique is used to 

visualize the nanometre topographic arrangement of an object. It is a high-resolution 

type scanning electron microscopy which is used to characterize the Nano-dimension 

of both either conducting or non-conducting materials such as metals, polymer, 

ceramics, and composite [148]. It is also analysis the chemical composition in 

attachment with the Energy Dispersive X-Ray Spectroscopy (EDX).  

 

 

 

Figure 3.14. Schematic representation of Field emission scanning electron 

microscopy. 

FESEM is a type of electron microscope which performs raster pattern scan on the 

surface of the sample. Scanning is done through a high energy electron beam. As the 

beam of the electrons incidents on the sample surface, high energy electrons interacts 
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the atoms. As a result of the interaction, sample produces signals which contain 

information about the surface characteristics, composition and electrical conductivity 

of the sample [149]. The schematic diagram of FE-SEM is given in figure 3.14. The 

main component of the SEM is electron gun which generates a high and stable current 

in a small beam [150]. There are two types of emission sources embedded with the 

electron gun: field emitter and thermionic emitter. The main difference between Field 

Emission Scanning Electron Microscope (FE-SEM) and Scanning Electron 

Microscope (SEM) is the type of emitter used. 

In thermionic emitters, electric current heats up the filament. The Filament is made up 

of either Tungsten (W) or Lanthanum hexaboride (LaB6).  As the voltage is supplied 

to the filament, it heats up. When the voltage is sufficiently high to cross the energy 

work function, electrons eject out of the material. The source of thermionic emission 

has relative low evaporation of cathode material, thermal drift, and low brightness 

during operation.  

To avoid these shortcomings, a new technology based on the field emission effect was 

developed. This advanced technology does not produce electron beam by heating the 

filament, unlike thermionic emission. Here, emission of electrons is achieved by 

placing the filament under the influence of electric potential gradient. A sharp pointed 

and small tip Tungsten (W) wire is used as a Field Emission Source (FES). The radius 

of the tip is maintained less than ~ 100 nm to concentrate the electric field potential 

up to the extreme level. Concentrated potential lowers the work function of the 

material (cathode) to facilitate the emission of the electrons from the cathode.  

A very high vacuum (~10–6 Pa) is maintained inside the column to avoid the 

unwanted collision of air/dust particles with electron the beam. The acceleration 

voltage between anode and cathode is maintained of the magnitude of 0.5 to 30 kV. 

An electron beam generated by FE source is of the order of 1000 times smaller than 

that of the thermal electron gun used in a standard microscope. Therefore, image 

quality is markedly enhanced in FE source embedded microscope. To resolve and 

differentiate the surface features, the wavelength of the electron beam must be smaller 

than the features. Hence, the concentrated electron beam is required. This lower level 

of beam condensation makes the FESEM instrument with the highest resolution. This 



61 
 

feature makes FESEM as a very useful technique for surface imaging at very high 

resolution in the field of nanotechnology and materials science [151].  

Applications of the FE-SEM 

1:- Thickness measurement of multilayer and thin films. 

2:- To measure the surface morphology of different crystalline solid or amorphous 

materials. 

3:- To measure the shape, size distribution of grains on the surface of characterized 

materials. 

4:- Fracture and failure analysis of materials. 

5:- Analysis of defect production in the materials by different techniques. 

6:- Analysis and measurement of the dimension and height of nanometre size objects. 

7:- Elemental composition measurement and analysis of micron-sized features.  

 

 

Figure 3.15. Quanta FEG 450 FESEM used for study at MRC, MNIT Jaipur. 
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3.3.5. Energy dispersive X-Ray spectroscopy (EDX/EDAX) 

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is the type of a chemical 

analysis technique which is used in combination with scanning electron microscopy 

(SEM). 

In this technique, an electron beam is allowed to bombard on the sample surface. As a 

result, X-rays are produced, and sample composition is analyzed by the detector. EDS 

technique is capable to analyzed phases which are as small as 1μm or less. An 

electron beam moves on the sample in raster pattern. These high energy electrons 

interact with inner shell electrons of the material and transfer their energy. As a result, 

inner shell electrons eject out leaving a hole behind. This hole is occupied by outer 

shell electron. The energy difference between inner shell and outer shell is emitted as 

X-ray. The energy of these X-rays is a characteristic feature of the element. Attached 

energy-dispersive spectrometer detects emitted X-rays in terms of number and energy. 

Since the energy of the emitted X-rays are the specific characteristic of the elements 

(due to the energy difference between two shells) from which they have ejected out, 

allows the quantitative measurement of the elemental composition of the given 

specimen [152]. The EDS detector plots a graph between emitted X-rays versus 

corresponding energy. EDS detector is a solid-state device made up of lithium-drifted 

silicon. As the emitted X-rays strikes to EDs detector, a charge signal is generated 

which is proportional to the X-ray energy. This charge signal is converted to voltage 

pulse by using an amplifier. This voltage pulse is received by a multichannel analyzer 

and sorted according to potential. The energy corresponding to each X-ray is 

determined by voltage measurement and sent to a computer for further analysis. The 

computer generates a graph between X-ray energy and counts to evaluate the 

composition the element to be analyzed [152, 153]. 

In present study, Ni-Ti  thin films irradiated with different energy and beam with a 

thickness of ~270 were characterized by using FE-SEM  (Nova Nano FE-SEM 450 

FEI) at Material research centre, MNIT Jaipur and scanning electron microscopy 

SEM (Model :MRAII LMH, TESCAN) at Inter University Centre (IUAC), New 

Delhi in material science division. The SEM images of investigation Ni-Ti films are 

discussed in next chapter. 
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3.3.6. Four probe electrical resistivity (ER) measurement  

Four-probe electrical resistivity method is a non-destructive and most common 

method to measure the resistivity of a thin film and bulk samples. 

The schematic diagram of this method is shown in figure 3.16. To measure the 

resistivity of the samples the contact over the surface is made by using the silver past 

in a linear arrangement as the distance between all probes remain equal. A heater is 

attached to the system to heat the sample linearly so that the behavior of the sample is 

measured with temperature. The two outer side prove used to inject the current into 

the sample and inner two probes used to measure the resultant electric potential 

distribution. Due to the high input impedance voltmeter connect to the circuit there is 

no current flow in the inner two probes [154]. Therefore voltage drops at terminal 2 

and 3 caused by the contact resistance between the sample and probe are eliminated 

from potential measurements. Since the contact resistance is extremely sensitive to the 

surface condition (such as oxidation) and pressure.  

 

Figure 3.16. Schematic diagram of four point-probe resistivity measurement. 

The resistivity of the thin films and bulk materials are calculated by using the 

following relation [155]: 
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(3.11)
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where, V is the voltage, I current, t film thickness and s is the distance between probe.   

The experiment of electrical resistivity was performed at IUAC New Delhi in 

materials science division. The measurement was carried in liquid nitrogen cryostat 

by using the standard Keithley 2612 Source meter. The temperature of the sample 

during the experiment was controlled by using the Lakeshore temperature controller   

(Modal 340). The setup used in present study was fully automated, and program is 

written using Lab-View software. 

3.3.7. Nanoindentation 

As far as the mechanical properties are concerned the hardness of the material is the 

primary mechanical properties, and history is as old as human being started using the 

materials. However, referring the material as hard or soft is very old but not so easy to 

present quantitatively. Hardness can be explained as „resistance developed in material 

for plastic deformation. The hardness depends upon the physical and chemical 

properties of the materials. However, in the case of nanostructured materials, it is 

associated with the detailed microstructure analysis as well as the technique used for 

its measurements. There are some sorts of certain limitation for mechanical properties 

analysis of Nano-structured thin films which cannot be accessed by the conventional 

technique by visualizing the optical image.  

Indentation techniques emerged for the precise measurement of the hardness of thin 

films in the era of 20
th

 century. The techniques for fabrication of sub-micron tip as 

indenters, e.g., Berkovich tip, Knoop tip, Cube corner tip and Vickers, etc. with 

different geometry and angles facilitates to make the nanoindentation techniques more 

profound and useful for specific mechanical properties. Increasing sensitivity to noise 

reduction of the instruments motivated the nanoindentation technique to measure of 

smaller dimensions, e.g., nanometres mechanical analyses. The geometry of indenter 

tip introduces a different stress state in the material beneath the indenter. The working 
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principal of nanoindentation technique relies on applying a maximum load 

continuously or stepwise on the tip and measuring the permanent impression based on 

the continuous depth sensing mechanism.  

  

 

Figure 3.17. CSM instrument Nano-indentation tester at Nanotechnology Application 

centre, University of Allahabad. 

Methods have been developed to extract the hardness and Young‟s modulus from the 

applied load-penetration depth results [156]. In all, Oliver and Pharr‟s method was 

developed as a key assumption and unloading curve during indentation at maximum 

load is believed to be entirely elastic [157]. For area function calibration which is used 

to find out by indenting on a sample of isotropic and known properties. After getting 

the area function the hardness can be calculated by  

(3.13)
P

H
A
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where H is hardness, P is the maximum load and A is the projected area during 

indentation. The elastic modulus can be evaluated by unloading section of stiffness 

and contact area. 

2
(3.14)effS E A




   

where is S is the stiffness, Eeff is the effective elastic modulus, 

22 11 1
(3.15)i

eff iE E E

 
    

where νi, Ei , ν, E denoted the indenter, and specimen passions ratio and elastic 

modulus. The parameter β is a dimensionless constant. So these mentioned equations 

provide the hardness and elastic modulus by the resulting testing data of 

nanoindentation. However, in the case of nanomaterial‟s, mechanical testing using 

nanoindentation favoured by smaller interaction area of nanostructure dimension 

[157]. The very initial interaction of indenter and material will be elastic in nature and 

plastic deformation takes place depending upon the applied load, stress accumulation 

beneath the indenter and materials properties. However, the fracture in the thin films 

is also observed after the critical applied load. 
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Chapter 4 

 

Synthesis of Ni-Ti Shape Memory Alloy Thin Film 

and Their Low Energy Ion Beam Effects (Ion 

Implantation) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter deals with the synthesis of Ni-Ti shape memory alloy 

thin films by magnetron co-sputtering technique. Apart from this, 

the prepared Ni-Ti thin films have been implanted by Ag ions is 

also discussed in detail. The Ni-Ti compositions are verified by 

Rutherford backscattering spectrometry study. The implanted thin 

films are structurally characterized by X-ray diffraction, Atomic 

force microscopy. The phase transformation temperatures of the 

films are determined by four probe resistivity measurement. 

Nanoindentation study has been conducted to know the 

mechanical behavior of the Ni-Ti films.  
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4.1. Synthesis of Ni-Ti SMAs thin films 

In a general way, the fabrication of films of a particular material and choice of 

synthesis technique normally depends on fulfilling the requirements and material 

properties as well on practical limitation such as the area of coverage, cost, and 

vacuum requirements.  Non-thermal growth techniques, such as sputtering, have 

proved to be most preferred technique regarding the optimization of growth parameter 

such as crystallinity and morphology during growth of films. Sputtering deposition 

technique is lead to unusual and frequently advantageous growth kinetic and force a 

film to deposit under far thermal equilibrium. Sputtering technique is much more 

suited to deposited films because Ni-Ti thin films can directly deposit on the 

semiconductor substrate or IC. Considering the potential advantage of the sputtering 

deposition in the field of MEMS, in the present study, magnetron co-sputtering 

technique has been applied for preparation of Ni-Ti thin films by using two different 

targets and powers.  

 The shape memory effect, superelasticity and transformation temperature of 

sputtered deposited Ni-Ti thin films are very sensitive to alloy composition and 

deposition conditions. By using sputtering method, films can be deposited at high 

temperature or room temperature. The sputtered deposited Ni-Ti thin films at room 

temperature are always amorphous, thus, a post-annealing is needed to crystalline the 

deposited films because the thermally induced phase transformation only occurs in the 

crystalline films. In the present study, the thin films of Ni-Ti were synthesized at an 

elevated temperature (550 
o
C) to get the fully crystalline films.  

A brief description of sputtering techniques includes growth and morphology 

control is already present in section 3, the experimental deposition parameters and 

sputtering power are present in this section. The study of ion implantation induces 

modification of Ni-Ti thin films by metallic ions are also present in this chapter.   

4.1.2. Experimental details 

Ni-Ti thin films were deposited on p-type Si (100) (Matsurf Tech. Inc, USA) substrate 

using the dc-magnetron co-sputtering technique.  To achieve the uniform growth of 

Ni-Ti films Si substrate was rotated (60 rpm) in the horizontal plane of the targets. 

High purity targets of Ni (99.99%) and Ti (99.99%) of 3 mm thick and 50 mm 
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diameter (Neyco supplier, France) were used for deposition. The substrates were 

cleaned in an ultrasonic bath containing a mixture of (1:4) trichloroethylene and 

distilled water, respectively. Before deposition, the sputtering chamber was evacuated 

to a base pressure of about 2×10
 -7

 torr, while during deposition the pressure was kept 

at 3×10
 -3 

torr. The pressure of Ar gas (99.99 at. %) was regulated to be 9×10
-3 

torr 

inside the chamber before deposition and sputtering of both the targets and Si 

substrate for ten minutes performed for cleaning. After cleaning, the deposition was 

performed for 1 hour 40 minutes using direct current powers of 100 W for Ti and 50 

W for Ni target. The target to substrate holder distance was fixed approximate 16 cm. 

During deposition, the substrate temperature was kept at 550 °C to achieve the 

crystalline NiTi thin films. 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 Si3N4 cantilever in tapping mode at Material 

Research Centre, MNIT Jaipur. 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 Kα X-ray 

source in θ-2θ geometry having a scan speed of 0.6
◦
/minute.  The electrical resistivity 

of Ni-Ti films at different temperatures was measured using Four-terminal resistivity 

method over a temperature range from 100 to 400 K. The temperature of the films 

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. 

4.2. Ag (120 keV) implantation-induced modification of Ni-Ti shape memory 

alloy thin films 

In order to enhance Ni-Ti SMAs properties, various surface modification 

techniques such as oxidation treatment [158], gas nitriding [159], various coating 

[160], laser melting [161), alkaline treatment and ion implantation techniques have 

been performed on Ni-Ti alloy [162,163]. The critical challenge for coating 

techniques focuses on the binding strength because of the problem of delamination. 

However, for surface modification of metals and alloys, ion implantation is a precise 

technique, which endows Ni-Ti SMA with the new modified surface layer with the 

ability to retain it‟s superelastic and shape memory behavior in the thin films. The 
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modified surface also affects the structural, electrical and mechanical properties by 

the presence of foreign ions [164,165]. It has been reported that the mechanical 

properties of the materials are strongly dependent upon the defect density, grain 

refinement, and precipitation, which lead to increase in resistance of materials against 

plastic deformation. However, these treatments result in change in martensite 

transformation temperature by change in internal stress and chemical composition of 

the matrix [166,167]. 

In the present study, Ni-Ti thin films were implanted with 120 keV Ag ions at 

different fluences ranging from 3×10
15

 to 3×10
16

 ions/cm
2
. The correlation between 

the microstructure and mechanical properties of Ni-Ti thin films after implantation 

has been discussed in terms of crystallite size and dislocation density. 

For implantation, prepared Ni-Ti thin films were implanted by 120 keV Ag ions 

(negative ion) using MC-SNICS ion source in the Low Energy Ion Beam Facility 

(LEIBF) of the Inter-University Accelerator Centre (IUAC), New Delhi. During 

implantation, the samples stage in the implantation chamber was kept under a pressure 

of ~6×10 -7 
torr. In the case of 120 keV Ag ions, the electronic and nuclear stopping 

power (Se and Sn) in Ni-Ti thin film were calculated using SRIM 2008 code [168].  

 

 

  Figure 4.1. Depth distribution of Ag atoms in Ni-Ti films simulated by TRIM 

computer code for ten thousand 120 keV Ag ions.      

   The projected range of Ag ions was calculated by SRIM and found to 
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be ~ 27.1 nm, where projected range denotes the average distance up to which Ag 

ions can penetrate into the film. The theoretical distribution of Ag ions was calculated 

by using TRIM 2008 computer simulation for ten thousand ions [168]. Assuming a 

normal Gaussian distribution the values of projected ion range Rp and the standard 

variation ΔRp was obtained as shown in Figure 4.1. 

 Moreover, Figure 2 shows the SRIM simulation of ion trajectory (1000 Ag ions) for 

120 keV Ag ions and defect production by implanted ions in ~270 nm film thickness. 

The separate histograms of Ni and Ti show the production of vacancies by implanted 

ions in the entire thickness. 

 
 

 Figure 4.2. TRIM simulation for 1000 Ag ion of 120 keV energy in Ni-Ti film 

showing the ions trajectory for defects production by the energetic implanted ions in 

270 nm thickness. The histograms of Ni and Ti showing the vacancies created by the 

passage of 120 keV Ag ions in Ni-Ti films. 

It is noticed that the defects generated by incoming ions are in the range of energy of 

bombarded ions. The calculated number of vacancies for Ni is found to be 1.3×10
24
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ions/cm
3 

for the fluence of 3×10
15

 and for the fluence of 9×10
15

 and 3×10
16

 ions/cm
2

, 

the number of vacancies are 4.0×10
24

 ions/cm
3 

and 1.3×10
25

 ions/cm
3 

respectively. 

Similarly, Ti vacancies created at different fluences of 3×10
15

, 9×10
15

 and 3×10
16

 

ions/cm
2
 are found to be 1.0×10

24
, 3.1×10

24
 and 1.0×10

25 
ions/cm

3 
respectively. Thus 

the higher number of vacancies and hence higher damage is produced in Ni-Ti thin 

films. 

4.2.1. Results and discussion  

4.2.1.1. Rutherford Backscattering Spectrometry                                                      

RBS is used to determine the film thickness, atomic species, and their atomic 

concentration. Figure 3(a) displays the RBS spectrum of pristine Ni-Ti film on Si 

substrate at normal incidence with the detector positioned at 165° scattering angle. To 

measure the film thickness and quantify the atomic concentration of metals in film, 

the RBS spectrum was simulated by SIMNRA 12 [169], and a fit is shown in Figure 

3. The Ni atomic concentration was calculated to be ∼56.7 at% and Ti was found to 

be ∼43.3 at%. The thickness of the film, estimated by SIMNRA simulation is found 

to be ∼270 nm. Furthermore, the film implanted at a fluence of 3×10
16

 ions/cm
2
 was 

also characterized by using RBS to know the preferential sputtering in the implanted 

film. The Ni to Ti ratio for the pristine and implanted films decreases from 1.3 to 1.26 

at%; this change suggests that there is preferential sputtering in the Ni-Ti system 

during implantation process.  

 

Figure 4.3. RBS spectrum for Ni-Ti pristine film (a) and implanted film at a fluence 

of 3×10
16 

ions/cm
2
 (b) along with SIMNRA simulation. 
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Hence the variation in concentration of Ni from 56.7 in pristine to 55.2% in the 

implanted film is attributed; consequently, the preferential sputtering of Ni atoms over 

Ti atoms takes place. 

4.2.1.2. X-ray diffraction 

XRD pattern of Ni-Ti pristine film and also of those implanted by 120 keV Ag ions at 

fluences of 3×10
15

, 9×10
15

 and 3×10
16

 ions/cm
2
, respectively, are shown in Figure 4. 

XRD pattern reveals that both the phases, austenite phase (A) (cubic; JCPDS file no. 

65-5537) as well as martensite phase (M) (monoclinic; JCPDS file no. 77-2170), were 

formed in Ni-Ti pristine films deposited at 550 °C, and planes corresponding to their 

structure are marked by corresponding Miller indices. The most intense peak at 2θ = 

42.5° is due to the (110) fundamental reflection corresponding to cubic structure and 

the peak at 2θ = 43.9°, which is due to (002) fundamental reflection corresponding to 

monoclinic structure, respectively.  

 

 

Figure 4.4. XRD spectra of pristine and 120 keV Ag ions implanted Ni-Ti thin films 

deposited at 550 °C by using the dc-magnetron co-sputtering technique. 

Moreover, a small peak at 43.2° was observed due to Ni4Ti3 precipitation phase 

corresponding to (122) fundamental reflection. The evolution of the XRD peak with 
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implantation fluences exhibits different trends. Figure 4.4 shows that at the lowest 

fluence of 3×10
15

 ions/cm
2
, a small peak at 2θ = 44.5° arises corresponding to Ag 

(200) plane (JCPDS file no. 03-0921), indicating the structural change produced by 

the implanted ions [170]. 

The mean crystallographic crystallite size (D) of the pristine and implanted thin films 

was calculated from the XRD data corresponding to austenite (110) and Ag (200) 

peaks by applying Scherrer‟s formula [142]. 

D =
0.9

(3.9)
cos



 
   

where λ is the wavelength of Cu-Kα (λ = 0.154 nm) radiation, β and θ are full width at 

half maxima (FWHM) and Bragg‟s angle, respectively. The calculated value of 

crystallite size for the pristine film is 32.7 nm, and for the films implanted at different 

fluences 3×10
15

, 9×10
15

, and 3×10
16

 ions/cm
2 

is found to be 30.2 nm, 20.6 nm and 

23.7 nm, respectively, as summarized in Table 4.1. Also, the crystallite size 

corresponding to Ag (200) peak at fluences of 9×10
15

, 3×10
16

 ions/cm
2
 is calculated 

and found to be 22 nm and 27 nm, respectively. The crystallite size corresponding to 

film implanted at a fluence of 3×10
15 

ions/cm
2
 by Ag ions could not be calculated due 

to small Ag signal. 

The microstrain (ε) of pristine and implanted Ni–Ti thin films at different fluences 

was calculated by using the following equation [171,172]: 

ε = 
cot

(4.1)
4

G 
   

where βG is FWHM (in radian) and θ = angle of diffraction, respectively. The 

calculated values of microstrain were observed to increase with a decrease in the 

crystallite size up to a fluence of 9×10
15

 ions/cm
2
 and it decreases at the higher 

fluence of 3×10
16

 ions/cm
2
. The calculated values of microstrain in pristine film are 

0.29 and for the films implanted at different fluences 3×10
15

, 9×10
15

, 3×10
16

 ions/cm
2
 

was found to be 0.31, 0.46 and 0.40, respectively, as reported in Table 4.1. 
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Fluence 

(ions/cm
2
) 

2θ 

(degree) 

FWHM 

(degree) 

Crystallite 

sized 

(D) (nm) 

 

Micro-

strain 

(ε)% 

 

Dislocation 

density 

(δ)×(10
15 

line/m
2
) 

(Rrms) 

(nm) 

Pristine 42.56 0.26 32.7 0.29 0.93 2.14 

3×10
15

 42.44 0.28 30.2 0.31 1.09 1.18 

9×10
15

 42.46 0.41 20.6 0.46 2.35 0.80 

3×10
16

 42.46 0.35 23.7 0.40 1.78 0.37 

 

Table 4.1. Microstructural parameters of pristine and implanted Ni-Ti thin films at 

different fluences. 

The film implanted at higher fluence (3×10
16

 ions/cm
2
) shows an increase in 

crystallite size, which was calculated corresponding to (110) plane. Moreover, a 

simultaneous increase in intensity indicates improvement in crystallinity of Ni-Ti thin 

films. Therefore, it can be concluded that at higher fluence, film releases strain 

energy, which is primarily responsible for the growth of (110) plane, because most of 

the body-centred cubic orientations have a lower surface energy [173]. The peak 

broadening in XRD lines without affecting the peak position could be due to the non-

uniform displacement of atoms after implantation with respect to their lattice position. 

The dislocation density (δ) of the pristine and implanted thin films was calculated 

from the crystallite size (D) using the following relation [174], and values are shown 

in table 4.1. 

δ = 
2

2

1
/ (4.2)line cm

D


 
 

The dislocation density is defined as the length of dislocation per unit volume, while 

the dislocation is a line defect. The calculated values of dislocation density were 

strongly dependent upon the number of defects produced by the Ag ions. The XRD 

data for the pristine and films implanted at different fluences were obtained at room 

temperature (300 K). The XRD data (Figure 4.4) shows the presence of Ni4Ti3 phase 

at 43.2° (JCPDF file no. 39-1113) in the film deposited at 550 °C and also in the films 

implanted at different fluences. The presence of Ni-rich (Ni4Ti3) phase in Ni-Ti films 
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leads to the formation of R phase as reported by Sanjabi et al. [175] and Gyobu et al. 

[176]. Due to the existence of Ni4Ti3 precipitate phase, the R-phase was observed in 

the present result, which was further confirmed by electrical resistivity versus 

temperature curves (Figure 4.6) in both heating and cooling cycles. 

4.2.1.3. Atomic force microscopy 

The surface morphology of pristine and Ag implanted films at different fluences of 

3×10
15

, 9×10
15

 and 3×10
16

 ions/cm
2
, respectively, was analyzed by AFM. Figures 

4.5(a)-(d) show the two-dimensional AFM images of pristine and implanted thin films 

with a scan area of 1μm×1 μm.  

 

 

 

Figure 4.5. AFM surface micrograph of Ni-Ti thin films over a scan area 1×1 μm; (a) 

pristine Ni-Ti film, (b) Ni-Ti film implanted at 3×10
15

 ions/cm
2
, (c) Ni-Ti films 

implanted at 9×10
15

 ions/cm
2
 and (d) Ni-Ti thin film implanted at higher fluence 

3×10
16

 ions/cm
2
. 

 

AFM images clearly show the change in morphology of films with an increase in 

incident ions per unit area on the films. The root means square (Rrms) surface 
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roughness of Ni-Ti pristine and implanted films are given in Table 4.1. The root 

means square surface roughness was calculated based on the calculation of standard 

deviation in peak to valley difference in height within image area as reported in ref. 

[177].  

 Rrms = 

1/2

2

1

1
| | (4.3)

N

i

i

Z Z
N 

 
  

 
  

where Z mean height distance and N is the number of surface height data. The Rrms 

value of pristine films is ∼2.14 nm, and for the films implanted at different fluences, 

it is found to be ∼1.09 nm, ∼0.80 nm and ∼0.37 nm, respectively. The Rrms values of 

surface roughness calculated by AFM images were observed to decrease with an 

increase in ion fluences, which could be due to a decrease in crystallite size and an 

increase in XRD peak broadening. 

4.2.1.4. Electrical transport properties 

Phase transformation behavior of pristine and 120 keV Ag-implanted thin films at 

different fluences 3×10
15

, 9×10
15

 and 3×10
16

 ions/cm
2
 was characterized by the four-

point probe resistivity method. Figure 4.6(a)-(d) shows the resistivity versus 

temperature curves of pristine and implanted thin films at different fluences during 

heating and cooling cycles. At the time of experiment, the condition of stationary 

equilibrium was maintained by cycling the temperature stepwise with a sufficient time 

interval between every data point. In Figures 4.6(a)-(d), Rs, Rf, Ms and Mf denotes the 

start and finish temperature of formation of intermediate R phase [175], martensitic 

phase (B‟19) on cooling and Rs', Rf'‟, As, Af denotes the R phase, austenite phase (B2) 

on heating, respectively. It was observed that austenite, martensitic and R phase are 

present in Ni-Ti pristine films and also in the films implanted at different fluences, as 

shown in Figures 4.6(a)-(d). A linear decrease of resistivity values was observed after 

implantation in Ni-Ti thin films with the continuous increase in the fluence; it may be 

explained as follows; during implantation, vacancy diffusion is increased and this 

increased diffusion of vacancies leads to the decrease in the resistivity values [178]. 

Figure 4.6(a) shows the resistivity versus temperature curves of pristine Ni-Ti film 

deposited at 550 °C, which reveals two-step phase transformation from martensitic 

(B‟19) to austenitic phase (B2) and vice versa via R phase, during heating and cooling 



78 
 

cycles. It was observed that upon heating, the value of electrical resistivity increases 

with an increase in the temperature up to 260 K because of the formation of R phase, 

but after phase transformation of martensite to austenite, the value of resistivity is 

found to decrease. The resistivity of films was measured by using the following 

equation [155]: 

(4.4)
ln 2

t V

I




 
  

   

where V is the voltage, I current and t film thickness. 

During heating and cooling cycles, R-phase transformation is observed in all the films 

implanted at different fluences. The formation of R-phase during phase transformation 

from austenite (B2↔R) induces significantly small transformation strain (∼1%) when 

compared to the phase transformation from austenite to martensite (B2→B‟19) phase 

transformation (∼10%) [179]. Decrease in strain by twinning plays an important role 

in the formation of R phase because it proceeds by nucleation and growth in parent 

phase. Therefore, the formation of R phase is a self-accommodation process, which 

occurs gradually in the parent phase with decreasing temperature. The presence of R-

phase transformation in the Ni-Ti shape memory alloy thin films are found to be very 

beneficial to the two ways shape memory effect which can remember both low and 

high temperatures shapes [180]. Due to this unique property, Ni-Ti SMA is 

considered as a promising material for actuation of some MEMS devices such as 

microsensors and microswitches [81]. Thin films of Ni-Ti SMA are very sensitive to 

environmental changes such as electrical field, magnetic field, stress, and temperature 

and thus they can be used for microsensor applications [181]. Other promising 

applications include optical fibre switching, probe tips for self-regulating equipment, 

fuel injectors, lens positioner, microrelay and switches embedded with on-chip circuit 

breakers to prevent overheating caused by accidental overload or short circuit, etc. 

[182]. In present work, two-way shape memory effect occurs due to the following 

reasons: existence of the Ni4Ti3 precipitate phase, intrinsic residual stress generation, 

higher Ni composition and biasing force generated by Si substrate.    
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Figure 4.6. Electrical resistivity versus temperature curves of Ni-Ti pristine and 

implanted thin films at different fluences during heating and cooling cycles. 

A two-step phase transformation in Ni–Ti films takes place in the following procedure 

as reported by Mohri et al. [183]:  

A- phase →R- phase → M- phase (during cooling cycles), 

M- phase → R - phase→ A- phase (during heating cycles). 

Figure 4.6(b)-(d) accounts a two-step phase transformation (austenitic 

phase↔martensitic phase via R phase and vice versa) in Ni-Ti films implanted at 

3×10
15

, 9×10
15

 and 3×10
16

 ions/cm
2
, respectively, during heating and cooling cycles. 

The values of austenitic Af (finish temperature of austenitic phase) and martensitic 

phase Ms (start martensitic phase temperature) calculated from resistivity versus 

temperature curves were found to be 321 and 260 K for pristine film, 323 and 253 K 

for film implanted at 3×10
15

 ions/cm
2
, 320 and 252 K for the film implanted at 9×10

15
 

ions/cm
2
, 330 and 238 K for the film implanted at a fluence of 3×10

16
 ions/cm

2
. The 

thermal hysteresis width is defined by the temperature difference between the Af and 

Ms and found to be 61, 70, 68 and 92 K for the pristine and the films implanted at 
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different fluences. From resistivity versus temperature curves, it appears that film 

implanted at a fluence of 3×10
16

 ions/cm
2
 shows much larger hysteresis width in 

comparison to pristine Ni-Ti films, which could be due to the structural defect and 

change in the chemical composition after ion implantation [184]. In case of the films 

implanted at different fluences at 3×10
15

, 9×10
15 

and 3×10
16

 ions/cm
2
, respectively, it 

is observed that hysteresis loop is not closed even at 100 K, which could be due to 

small grain size, lattice mismatching and intrinsic stress formed in films after 

implantation. 

4.2.1.5. Nanoindentation 

The mechanical properties of pristine and 120 keV Ag-implanted Ni-Ti films were 

determined by CSM nanoindentation. Figure 4.7 (a)-(d) shows the indenter load versus 

displacement curves as a function of ion fluences taken at room temperature. These 

curves are used to calculate the basic mechanical properties such as indent depth 

recovery ratio (δ), elastic modulus (Er), hardness (H) and plastic resistance parameter 

(H/Er). All results were calculated by using the Oliver and Pharr method [155]: 

The elastic modulus is defined by the equation: 
 

(4.5)
2

r

S
E

A


   

where S (unloading stiffness) /dP dh
 

and A is the projected contact area. The 

elastic modulus of the material is related to the modulus of elasticity by the following 

relation:   

2 2(1 ) (1 )1
(4.6)i s

r i S

v v

E E E

 
  

 

where subscript i represents the indenter material and subscript s corresponds to 

sample material, and ν is the Poisson‟s ratio. 

The hardness (H) of the material is expressed by the following formula:

 

max (3.13)
P

H
A
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where Pmax is the maximum load and A is the projected contact area. The obtained 

values by nanoindentation test are listed in table 4.2. The elastic modulus of the 

pristine film was 161 GPa and for the films implanted at different fluences 3×10
15

, 

9×10
15

 and 3×10
16

 ions/cm
2
, respectively, it was found to be 164, 173 and 170 GPa, 

respectively, as mentioned in table 4.2. 

 

Figure 4.7. Load versus displacement curves of pristine and Ag implanted Ni-Ti thin 

films at different fluences.  

The hardness of pristine film was 17.7 GPa and for the films implanted at 3×10
15

, 

9×10
15

 and 3×10
16

 ions/cm
2
 respectively, it was found to be 20.1, 28.2 and 22.3 GPa, 

respectively. It has been observed that Ni-Ti film exhibits a higher value of hardness 

(28.2 GPa) at a fluence of 9×10
15

 ions/cm
2 

in comparison to pristine (H = 17.7 GPa) 

film; this is ascribed to smaller crystallite size of the implanted film compared to 

pristine films, which is also confirmed by XRD analysis. It is found that a decrease in 

crystallite size is almost 1.5 times lower than the pristine film. Similar behavior was 

also reported by Choudhary and Vishnoi et al. in Ni-Ti/PZT/TiOx heterostructures and 

NiMnSn thin films. They concluded that a large number of grain boundary leads to 
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smaller crystallite size, which restricts the wear of the films to a large extent by acting 

as barriers to dislocation motion [185,186]. 

Table 4.2. A comparison of hardness and elastic modulus of pristine and 120 keV Ag 

implanted Ni-Ti thin films. 

Fluence 

(ions/cm
2
) 

Total 

depth 

hmax 

(nm) 

Residual 

depth hr 

(nm) 

Depth 

recovery 

ratio (δ) 

Hardness 

H (GPa) 

Elastic 

modulus 

Er (GPa) 

H/Er 

Pristine 192.3 112.3 0.41 17.7 161 0.10 

3×10
15

 190.6 114.2 0.40 20.1 164 0.12 

9×10
15

 167.4 80.9 0.51 28.2 173 0.16 

3×10
16

 178.9 94.2 0.47 22.3 170 0.13 

 

  It is also reported by several authors that smaller grain size and higher dislocation 

density increase the yield strength of the material [187, 188]. The Ni-Ti films 

implanted at a fluence of 9×10
15

 ions/cm
2 

shows higher dislocation density and 

smaller crystallite size in comparison to the films implanted at different fluences as 

reported in Table 1. Hardness to-elastic modulus (H/Er) ratio is also an important 

parameter to measure the elastic and elastic-plastic behavior of thin films. A higher 

H/Er value is found for the film implanted at a fluence of 9×10
15

 ions/cm
2
, which 

indicates small strain energy and better wear resistance to plastic deformation. 

 The indentation-induced superelastic effect can be characterized by 

depth recovery ratio, which is estimated from the load versus displacement curve by 

using the following relation [178]: 

Depth recovery ratio (δ) =

 

max

max

( )
(4.7)rh h

h


  

where hmax and hr correspond to penetration depth at maximum load, residual 

displacement when load returned to zero during unloading, respectively. The values of 

hmax and hr indicated by C, E, G, I and B, D, F, H respectively for different fluences 

are shown in Figures 4.7 (a)-(d), and the values of depth recovery (δ) for the pristine 

and implanted films are shown in table 4.2. The hr and hmax are the characteristics of 
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elastic nature of the materials and hardness. The Lower the values of hr, the higher is 

the elasticity of materials, and also lower values of hmax show higher hardness of 

materials.

Summary: 

In this chapter, Ag ion implantation induced modifications of Ni-Ti alloy thin films 

have been investigated. Ag ion implantation at different fluences leads to the 

formation of new phases in the films and causes significant changes in microstructural 

parameters. AFM study reveals changes in the surface roughness values with 

increases in ion fluence. It is concluded that, a two-step phase transformation (B2 ↔ R 

↔ B‟19) take place in Ni-Ti and Ni-Ti-Ag films during heating and cooling cycles. 

The film implanted at a fluence of 3×10
16

 ions/cm
2 

shows the large thermal hysteresis 

during heating and cooling cycles due to the generation of structural defects in the 

crystalline Ni-Ti matrix after the ion implantation. Significant improvement in 

mechanical properties is achieved in the film implanted at a fluence of 9×10
15

 

ions/cm
2
. Improved properties of Ni-Ti films pave the way to future MEMS 

application.   
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Chapter 5 

 

Swift Heavy Ion Irradiation Induced Modifications in 

Ni-Ti Shape Memory Alloy Thin Film 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the effect of swift heavy ion irradiation on Ni-Ti 

thin films has been investigated. This chapter has been divided 

into three parts. First part describes the reduction of the amount 

of shape memory behavior under swift heavy ion irradiation. 

Improvement in structural and mechanical behavior of Ni-Ti 

films under swift heavy ion is described in second section. The 

variation in structural and mechanical properties of Ni-Ti films 

associated with the crystallite sized are described in section 

three. The change in various properties of Ni-Ti films have been 

observed to depend on ion beam species and fluences. A 

summary of engineering of various properties by swift heavy ion 

irradiation is discussed in the last of the chapter. 
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5.1. Au (120 MeV) ion irradiation induced modifications in nanostructured Ni-Ti 

shape memory alloy thin films 

Swift heavy ion (SHI) irradiation has unique capabilities for modification of 

surface layers on metals and alloys including their crystal structure, chemical 

composition, physical and mechanical properties. SHI induced damaging effects can 

benefit the shape memorial behavior and bias the shape recovery if the damaging 

effects are more controlled. It has been reported that structural, electrical and 

mechanical properties of the materials strongly depends upon the precipitation, defect 

density, grain refinement in the material produce by SHI irradiation [189,190]. 

In the present study, a preliminary work done by using SHI irradiation on Ni-

Ti films is reported. This current work is focussed on ion-beam induced modifications 

of 120 MeV Au ion irradiated Ni-Ti sputter deposited thin films which are 

investigated using FESEM, AFM, RBS, XRD and Electrical resistivity measurements.  

The main objective of the present study is to investigate the effects of SHI 

irradiation on both phases, austenite as well martensite phase simultaneously at room 

temperature for the future applications of these materials in harsh environments such 

as space or nuclear reactor. In the present experiment, the critical value of fluence for 

shape memory behaviour has been investigated, below this critical fluence Ni-Ti film 

shows the SMA behavior and above that fluence, the shape memory behavior 

degraded. Irradiation at low fluence below the critical value creates the defect in the 

materials in a controlled manner which increases the vacancies diffusion, and this 

diffusion of vacancies leads to higher mobility in the materials. The schematic 

diagram of the work presented is shown in Fig. 5.1. The modifications in the 

structural and electrical properties against SHI irradiation at different ions fluences of 

120 MeV Au ions energy were characterized by FESEM, AFM, XRD and Four-

terminal resistivity measurement.       

  Further, the Ni-Ti films deposited on Si substrate were irradiated with 

120 MeV Au ion beam at IUAC New Delhi, India, using 15 UD pelletron accelerator 

facility. Ion fluence was varied from 1×10
12

 to 3×10
13

 ions/cm
2
. The electronic energy 

loss Se and nuclear energy loss Sn calculated for Ni-Ti SMA using 120 MeV Au ions 

were ∼3.1×10
3
 and 5.3×10

1
 eV/Å, respectively, and the range of Au ions in Ni-Ti was 

∼7.6 μm as calculated by SRIM programme [168], which was found to be much 
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higher than the film thickness, so most of the Au ions after passing through the film 

get buried into the Si substrate.  

 
 

Figure 5.1. Schematic diagram of Ni-Ti thin films deposited at 550 ˚C and irradiated 

at different fluences. 

5.1.1. Results and discussion 

5.1.1.1. Field emission scanning electron microscopy 

The surface properties of pristine and 120 MeV ion irradiated Ni-Ti films were 

determined by FE-SEM. Fig. 5.2(a) to (e) show the FE-SEM micrographs of pristine 

and irradiated films at different fluences ranging from 1×10
12

 to 3×10
13

 ions/cm
2
. It is 

clear from these 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 the further increase in the fluence. Fig. 5.2(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. 5.2(b) shows diffused pyramidical and spherical 

grains present in the film irradiated at a fluence of 1×10
12

 ions/cm
2
. 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 shown 
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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 5×10
12

 ions/cm
2
 (Fig. 5.2(c)), FESEM micrograph show grains of similar 

morphology and constant size as found in film irradiated at fluence 1×10
12

 ions/cm
2
. 

At further increased fluence of 1×10
13

 ions/cm
2
, smaller grains with diffused grain 

boundaries are observed (Fig. 5.2(d)). As the fluence is increased to 3×10
13

 ions/cm
2
 

(Fig. 5.2(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 3×10
13

 ions/cm
2
. 

 
 

Figure 5.2. FESEM images of pristine and 120 MeV Au ion irradiated Ni-Ti thin 

films at different fluences.  

5.1.1.2 Atomic force microscopy  

Apart from FESEM, the surface morphology (grain size and surface roughness) of all 

the films was also analyzed using AFM. Fig. 5.3(a) to (e) shows the two dimensional 
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AFM images of as-deposited and 120 MeV Au ion irradiated Ni-Ti SMA films at a 

scale of 1μm×1μm. The root-mean-square roughness (Rrms) of the surfaces of the 

films was obtained from AFM scans over film areas of 2 μm×2 μm by scanning three 

times, each time at the different location for every film. Rrms of the films was 

calculated using the following formula,  

 Rrms = 

1/2

2

1

1
| | (4.3)

N

i

i

Z Z
N 

 
  

 
  

where, Rrms is the root mean square roughness taken from the mean image data plane 

and Zi 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.  

 
 

Figure 5.3. AFM images of pristine and 120 MeV Au ion irradiated Ni-Ti thin films 

at different fluences. 

The average values of surface roughness of as-deposited and irradiated films at 

different fluences 1×10
12

, 5×10
12

, 1×10
13

 and 3×10
13 

ions/cm
2
 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 
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root mean square surface roughness first increases with increase in fluence to 1×10
12

 

ions/cm
2
 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 5×10
12

 and 1×10
13

 

ions/cm
2
 respectively, whereas it decreases considerably for film irradiated at 3×10

13
 

ions/cm
2
 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. 5. 2. The sizes of the grains calculated by AFM also show similar 

behaviour as calculated by AFM also show similar behavior as calculated by FESEM 

images.  

5.1.1.3. Rutherford backscattering spectroscopy                                                                            

The major problem in using Ni-Ti films for various applications is the difficulty in 

controlling their chemical composition. The transformation temperatures of Ni-Ti also 

depend considerably on the composition of films.  

 

 

Figure 5.4. 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. 

A slight change in the composition results in a remarkable change in the 

transformation temperatures and thus the various properties of the films. So the 

formation of desired composition in the films and also the accurate determination of 
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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. 5.4 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 

[169], and a fit is shown in Fig. 5.4 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. 

5.1.1.4. X-ray diffraction  

Fig. 5.5 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 1×10
12

 to 3×10
13 

ions/cm
2
. 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 Ti2Ni and Ti3Ni4 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 2θ=42.5o which is due to the 

(110) fundamental reflection corresponds to cubic austenite structure, and the peak at 

2θ = 43.9
o
 which is due to (002) fundamental reflection corresponds to monoclinic 

martensite structure. The peaks (1 36), (13 6) and (04 4) correspond to oxidized Si 

substrate [167]. The film irradiated at a fluence of 1×10
12

 ions/cm
2
 shows decrease 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 5×10
12

 ions/cm
2
, the 

peak intensity of both the phases decreases. With further increase in fluence to 1×10
13

 

ions/cm
2
, 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 3×10
13 

ions/cm
2
, 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 
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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 [191]. 

The XRD pattern shows the crystalline to amorphous phase transformation of 

Ni-Ti thin films by SHI irradiation at fluence of 3×10
13

 ions/cm
2
. 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 [192, 

193]. 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 [194]. 

 

 

Figure 5.5. X-ray diffraction spectra of pristine and 120 MeV Au ion irradiated Ni-Ti 

thin films at different fluences. 

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 and density of these 

amorphous zones is continuously increased with increase the fluences and at a higher 
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fluence these amorphous zone starts to overlap and at a critical fluence, material 

become amorphous. 

5.1.1.5. Electrical measurement  

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. 5.6(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 

 

 
 

Figure 5.6. Electrical resistance versus temperature (R-T) curves of pristine and 120 

MeV Au ion irradiated Ni-Ti films, during heating and cooling cycle. 

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 5.6(a) to (d) Rs, Rf, Ms, Mf and As, Af, denote the start and finish 
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temperatures of formation of the intermediate R phase and martensitic (B19') phase on 

cooling, and austenitic (B2) transformation on heating, respectively.  

Fig. 5.6(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, 

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 [155]. On cooling the film further below Rf (260 

K), the electrical resistance goes on decreasing with temperature because R phase to 

martensite transformation begins to occur which gets completed below Mf. 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. 5.6(b) 

shows the R-T curve of thin film irradiated at a fluence 1×10
12

 ions/cm
2
, 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 

5×10
12

 and 1×10
13

 ions/cm
2
 as shown in figures 5.6(c) and (d) show the non-metallic 

behavior of both the films without any indication of phase transformation during 

subsequent heating and cooling cycles. At higher fluence (1×10
13

 ions/cm
2
) 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 
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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. 

5.2 Ag
7+ 

ion (100 MeV) irradiation induced modifications in Ni-Ti shape memory 

alloy thin films  

The primary objective of the present study was to deposit the films with two different 

phases; ordered austenite and low-symmetry allotrope martensite phase with higher 

composition of Ni. The films are irradiated at different fluence to grow hard Ni3Ti 

precipitate by using SHI irradiation. The results present here bring forth the 

understanding of the strengthening mechanisms and deformation behavior of Ni-Ti 

films by SHI irradiation. This study is also important to investigate the effects of SHI 

irradiation on shape memory alloy for future application of these materials in harsh 

radiation zones such as space or nuclear reactor.  The schematic diagram of ion-solid 

interaction is shown in Fig.5.7. In previous study Ni-Ti thin films with same 

composition Ti57at.%Ni has been irradiated by using 120 MeV Au ions irradiation to 

investigate the critical values of fluence and acceptable radiation limit for this  

composition. This work does not involve the investigation on the growth of hard 

precipitation phase after irradiation with 120 MeV Au ions. Moreover, the interaction 

between Au ions and target material (Ni-Ti) is more in comparison of Ag ions due to 

higher mass (nearly twice) of Au ions which is confirmed by TRIM simulation on the 

basis of collision events. In case of 120 MeV Au ions irradiation, we observed the 

amorphization of Ni-Ti films, however, in case of Ag ions irradiation the partial 

amorphization of austenite and martensite phase and formation of Ni3Ti phase was 

occurred. 

In this study, we have used an innovative material modification technique 

namely SHI irradiation to engineer the surface structure and mechanical properties of 

Ni-Ti thin films. In the present study Ni-Ti thin films have been irradiated by 100 

MeV Ag
7+

 ions at different fluences ranging from 1×10
12

 to 1×10
13

 ions/cm
2
 and 

characterized by various characterization techniques such as RBS, XRD, AFM, 

FESEM and nanoindentation measurements. 
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Figure 5.7. Schematics diagram for ion-solid interaction for SHI. 

The prepared Ni-Ti films were irradiated by 100 MeV Ag
7+

 ion beam at Inter 

University Accelerator Centre (IUAC), New Delhi, at room temperature by using 15 

UD Pelletron Tandem accelerator facility. During irradiation, a high vacuum of the 

order of ~6×10
 -7 

torr was maintained inside the irradiation chamber. The values of 

nuclear energy loss (Sn) and electronic energy loss (Se) were calculated by SRIM 

2008 code [168] and found to be 0.01×10
3
 eV/Å, 2.5 ×10

3 
eV/Å, respectively. 

Moreover, range of 100 MeV Ag ions in Ni-Ti films (density 6.14 g/cm
3
) was also 

calculated by SRIM 2008 code and determined as 8.23 μm. The calculated value of Se 

is too high than that of Sn; that‟s why Se dominates over Sn therefore modifications are 

mainly attributed due to Se effect. The thickness of the films is very small in 

comparison of ion range; hence most of the ions will pass through the Ni-Ti films and 

get buried into the substrate. The ion beam was scanned over an area of 1×1 cm
2
 to 

achieve the homogeneous irradiation of Ni-Ti films and the beam current was kept 

constant at ~ 2 pnA (particle nanoampere). 

5.2.1 Results and discussion 

5.2.1.1 Rutherford Backscattering spectrometry 

RBS is a non-destructive technique and it capable to determine both elemental 

composition and depth of a thin layer within several nm. Fig. 5.8 shows simulated 
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RBS spectrum along with depth profile of pristine Ni-Ti film deposited at 550 °C. The 

elemental stoichiometry and film thickness was estimated by using the SIMNRA 

simulation of RBS data [169].  

 

Figure 5.8. RBS spectra (2MeV He
2+

) along with SIMNRA simulation (a) and depth 

profile (b) of Ni-Ti pristine film deposited at 550 
0
C. 

The composition of Ni and Ti present in the film was determined by He
2+

 ions with a 

beam of 2 MeV energy and at normal incidence with detector positioned at 165° 

scattering angle. The calculated near surface concentration of Ti was found to be ~ 

43.3 at. % and Ni concentration was found to be ~ 56.7 at. %. The thickness of the 

pristine film was found to be ~270 nm. The elemental composition versus depth 

profile for Ni and Ti is shown in Fig. 5.8(b) and it is showing the uniform distribution 

of Ni and Ti content through the film thickness. 

5.2.1.2 X-Ray diffraction 

Fig. 5.9 shows the room temperature XRD pattern of pristine and irradiated Ni-Ti thin 

films at different fluences in 2θ range of 35˚-54˚. The XRD pattern of pristine film 

exhibits three phases: martensite (monoclinic; JCPDS file no. 77-2170), austenite 

phase (cubic; JCPDS file no. 65-5537) and small amount of Ni3Ti phase (Hexagonal; 

JCPD file no. 65-2038) in the film deposited at 550 ˚C. In addition to substrate peaks, 

XRD pattern of pristine film shows the strong austenite phase at 2θ = 

42.5˚corresponding to (110) fundamental reflection, martensite peak at 43.9˚ 

corresponding to (002) fundamental reflection and a small amount of Ni enriched 

buried Ni3Ti precipitate peak at 2θ = 43.5˚ corresponding to (004) plane, respectively. 

Two other peaks observed in pristine films at 46˚ and 47.7˚ are corresponding to 
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oxidized Si substrate [167, 195]. The film irradiated at a fluence of 1×10
12

 ions/cm
2
 

shows  decrease in intensity of both phases due to the phase transformation from 

austenite (110) and martensite (002) phase into Ni3Ti phase on Ag ion bombardment. 

Further, the film irradiated at a fluence of 5×10
12

 ions/cm
2
 shows the dominance of 

Ni3Ti phase with concurrent decrease the intensity of austenite phase. The film 

irradiated at this fluence (5×10
12

 ions /cm
2
) shows the ordering of Ni3Ti phase, which 

corresponds to hexagonal crystal structure of films. 

It is observed that film irradiated at this fluence releases strain energy which is 

primarily responsible for the ordering of (004) plane, because (004) plane of Ni-Ti 

possess the minimum surface energy in accordance of basic crystal growth theory 

[196]. Further, the film irradiated at a higher fluence of 1×10
13

 ions/cm
2
 shows the 

dominance of Ni3Ti phase and partial amorphization of austenite and martensite 

phase. The decreasing in intensity of austenite and martensite phase depends upon the 

amount of energy deposited in Ni-Ti films by the Ag
7+

 ions.  When the SHI 

irradiation passess through the film, it causes ionization and excitation of Ni-Ti films, 

the ionization and excitation of the Ni-Ti atoms lead to modification in properties 

such as structure and phase of the deposited material.  

 

Figure 5.9. XRD spectra of pristine and 100 MeV Ag
7+

 ion irradiated Ni-Ti thin films 

at different fluences.          
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Such electron excitations can also cause local heating followed by a rapid quenching 

(thermal spikes) which subsequently produces lattice distortions. These lattice 

distortions are so drastic they relax into an amorphous state [191]. The modifications 

in materials structure or phases depend upon irradiation conditions such as ion 

fluence, irradiation temperature and the nature of ions as reported by several authors 

[167,197]. The precipitation of phases and recrystallization of monoclinic into cubic 

phase by 2 MeV proton beam irradiation has also been observed by Afzal et al. [103] 

in Ni-Ti alloy at room temperature. The irradiation of Nitinol by proton beam 

produces small displacement cascade and thus generates vacancies, interstitial or 

precipitates. Irradiation-induced defects in material increase the shear movement of 

atoms at the beginning of transformation and lead to increase in anti-phase boundary 

which decreases the martensite transformation.  

5.2.1.3 Atomic force microscopy 

The surface morphology (grain size and roughness) of pristine and Ag
7+

 irradiated Ni-

Ti thin films at different fluences ranging from 1×10
12

 to 1×10
13

 ions/cm
2
 is studied 

with AFM in tapping mode. Fig. 5.10(a)-(d) shows the two-dimensional AFM 

micrographs of pristine and irradiated Ni-Ti thin films at scan area of 1 μm
2
. AFM 

micrograph of the pristine film (Fig. 5.10(a)), shows the very fine and dense grains of 

Ni-Ti with well define boundary. The film irradiated at a fluence of 1×10
12

 ions/cm
2
 

shows the change in surface morphology with fluence. Moreover, grains are non-

uniformly distributed over the film surface due to electronic energy bombardment on 

Ni-Ti film. The modification of film surface can be understood on the reference of 

electronic energy deposited into the Ni-Ti thin film. When SHI passes through the Ni-

Ti film, it loses its energy into the material followed by ionization and excitation of 

the atoms. Electronic energy deposited by SHI irradiation beyond a certain threshold 

(Se~32 keV/nm for Ni-Ti) can cause the significant movement of the atoms results 

into change in the crystal structure and surface roughness [93]. Further, it is found that 

irradiated at a higher fluence of 1×10
13

 ions/cm
2
 decreases the grain size and 

promotes agglomeration of the grains. The agglomeration of the grains is attributed to 

multiply ions impact turning on Ni-Ti film by SHI irradiation. The average roughness 

(Ravg) and root-mean-square surface roughness (Rrms) of the pristine and irradiated Ni-

Ti films are obtained from the AFM images of 1 μm ×1 μm scan area of films surface, 
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three times at different position for each film and it has been taken as an average 

roughness estimated from AFM micrograph. 

 

 

Figure 5.10. AFM two dimension surface micrograph of pristine and 100 MeV Ag
7+

 

ion irradiated Ni-Ti films at different fluences over a scan area of 1×1 μm
2
. 

The Ravg and Rrms are defined by the following equations [177]: 

Ravg = 
1

1
| | (5.1)
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where Z  mean height distance and N is the number of surface height data. The Ravg 

and Rrms of the pristine and irradiated films are observed to increase with increasing 

the ion fluences. This could be due to agglomeration of grains and Ni3Ti precipitate 

formation at higher fluences. The Ravg value of pristine film is ~2.06 nm and for the 

films irradiated at different fluence found to be ~2.82 nm, ~3.73 nm,  ~4.10 nm, 
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respectively. The Rrms values found to be ~1.61 nm for the pristine film and ~2.32 nm, 

~3.02 nm and ~3.35 nm for the films irradiated at three different fluences 

respectively. AFM results indicated that the surface morphology of the Ni-Ti films 

strongly depends upon the ion fluences as shown in figure 5.11. 

 

Figure 5.11. Variation of Ravg and Rrms with fluences for the pristine and the films 

irradiated at different fluences of 100 MeV Ag ions. 

In the present study, the Ni-Ti films with same thickness are irradiated by using 

different fluences.  The different fluences have different effects on the surface of the 

grown films such as clustering of grains, formation of creators, etc. [108]. The surface 

morphology is changed with fluences with simultaneous change in the Z-height of the 

sample. The Z-height of the sample depends upon the arrangement of grains and 

roughness of the films. The variation in roughness value of film also changes the Z-

height of the film.  

In present study, the Z- height of the four samples is different due to the difference in 

roughness values of the films. 

5.2.1.4 Field Emission Scanning Electron Microscopy  

Apart from AFM, the surface morphology of pristine and irradiated Ni-Ti thin films is 

also investigated by FESEM. Fig. 5.12(a)-(d) show the FESEM images of pristine and 
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Ag
7+

 irradiated Ni-Ti thin film at different fluences ranging from 1×10
12

 to 1×10
13

 

ions/cm
2
. The FESEM micrographs have confirmed the change in morphology of Ni-

Ti films with ion irradiation at different fluences. 

 

Figure 5.12. FESEM images of pristine and 100 MeV Ag
7+

 ion irradiated Ni-Ti films 

at different fluences. 

Fig. 5.12(a) shows the dense granular morphology with nearly same granule sized in 

pristine film deposited at 550 
°
C. In Fig. 5.12(b) FESEM image of the irradiated film 

at a fluence of 1×10
12

 ions/cm
2 

shows that the density of granular size grains 

decreases with increase in fluence. These SHI induced structural modifications are 

also supported by AFM analysis. Further, the film irradiated at fluence of 5×10
12

 

ions/cm
2 

shows the diffused grains morphology of the film; however, it is possible to 

observe the boundary of grains. The grains of the films are seemed to be agglomerated 

at this fluence. With further increase in the fluence (1×10
13

 ions/cm
2
), the granular 
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morphology of film is completely disappeared and it becomes difficult to observe the 

boundary of grains. The agglomeration of the grains can be ascribed due to electronic 

energy deposited by the incoming ions in Ni-Ti regime [178, 198]. The surface 

features of the pristine and irradiated films at different fluences of Ag ions have no 

evident default such as cracks and holes etc. 

5.2.1.5. Nanoindentation 

The change in crystal structure in nm-sized crystallites by SHI irradiation may play an 

important role to enhance the mechanical properties of nanocrystalline materials. 

Materials under the lattice contraction resist the large force thus decreasing the 

penetration depth of indentation and inhibiting the crack propagation [199]. This 

phenomenon leads to increase in toughness and hardness of materials; however, 

lattice expansion leads to opposite phenomena. Ni3Ti precipitate leads to increase the 

mechanical strength promoting the interaction between grain boundaries and 

dislocations which subsequently increase the interactions in turn increases the average 

hardness and Young modulus values. 

The CSM nanoindentation has been used to characterize the mechanical properties of 

pristine and the films irradiated at different fluences of 100 MeV Ag
7+

 ions. Fig. 5.13 

shows the load versus displacement curves of Ni-Ti films irradiated at different 

fluences of 100 MeV Ag
7+

 ions. These curves are used to calculate the fundamental 

mechanical properties such as hardness (H), Young modulus (Eeff) and plastic 

resistance parameter (H/Eeff) etc. All results obtained by nanoindentation were 

analyzed by using the Oliver and Pharr method [155] and are summarized in Table 1. 

Five nanoindentation tests were performed on each film at different location to 

measure the average values of hardness and young modulus. Each indenter test 

consisted of 8-second linear loading segment to a peak load, 10- second holding and a 

8-second linear unloading segments. Generally, the hold periods have used to reduces 

the time-dependent effects (creep effects) generated in the specimen. The load-

displacement curves show (fig. 5.13) the behavior of each film is consistent from test 

to test, indicating surface of all the films are homogeneous over the area tested. The 

Eeff is a significant parameter of materials related to stiffness: the larger the value of 

Eeff, the stiffer the material. Furthermore, the H/Eeff is also an important parameter to 

differentiate in elastic and elastic-plastic nature of the materials. The higher value of 
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H/Eeff shows higher elastic nature of material or higher resistance to plastic 

deformation while the lower value of H/Eeff corresponds to its elastic-plastic behavior 

[200]. The Young modulus is calculated using the following relations: 

(4.5)
2

eff

S
E

A


   

where, S is unloading stiffness at maximum load (
dP

S
dh

 ) and A is the projected 

contact area. The Young modulus of the material is related to the modulus of elasticity 

by the following relation:   

2 2(1 ) (1 )1
(4.6)i s

eff i S

v v

E E E

 
    

where, subscript i represents the indenter material, and subscript s corresponds to 

sample material and  ν is the Poisson‟s ratio. The hardness (H) of the deposited 

material can be calculated by the following equation: 

max (3.13)
P

H
A

   

where, Pmax is the maximum indenter load and A is the projected contact area at that 

load.  

Fig. 5.14(a) shows the bar chart of hardness versus ion fluences for pristine and for 

the film irradiated at different fluences ranging from 1×10
12

 to 1×10
13

 ions/cm
2
. It 

depicts that hardness of Ni-Ti films is increase with increase in ion fluence and the 

film irradiated at a fluence of 1×10
13

 ions/cm
2
 has higher hardness. The improvement 

in hardness of Ni-Ti films at different fluences is attributed due to the formation of 

lattice disorder and associated change in crystal structure. It is also reported that 

hardness of the metallic thin films increases vividly when the thickness of the 

deposited material falls below about 300 nm and the hall Petch relation, obeyed by 

thin films, is also dependent on film thickness [201]. 

The formation of defects such as precipitation, dislocation, and irradiation induced 

phase in material up to a certain limit contribute to increasing in resistivity and barrier 

strength. However, these treatments suppress the martensite transformation 
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temperature by changeing the internal stress and chemical composition of the Ni-Ti 

matrix [108]. 

 

Figure 5.13. Load versus depth profile of pristine and 100 MeV Ag
7+

 ion irradiated 

Ni-Ti films at different fluences.  

Table 5.1. Comparison of nanoindentation and AFM results obtained for pristine and 

irradiated Ni-Ti thin films. 

Fluence 

(ions/cm
2
) 

Hardness 

H (GPa) 

Young modulus 

Eeff (GPa) 

H/Eeff 

Pristine 11.62 ± 1 172.62 ± 1 0.067 ±0.005 

1×10
12

 12.81 ± 1 171.83 ± 3 0.074 ±0.007 

5×10
12

 13.58 ± 0 181.81 ± 1 0.074 ±0.01 

1×10
13

 16.12 ± 1 176.93 ± 1. 0.090 ±0.008 

 

The hardness of pristine film is 11.62 ± 1GPa and for the films irradiated at different 

fluences are found to be 12.81 ± 1GPa, 13.58 ± 0 GPa and 16.12 ± 1 GPa respectively 

as reported in table 5.1. The Young modulus of the pristine film is 172.62 ± 1GPa and 

for the films irradiated at different fluence are 171.83 ± 3GPa, 181.81 ± 1GPa and 

176.93 ± 1GPa respectively. The bar chart for hardness to Young modulus (H/Eeff) 
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ratio versus ion fluences for Ni-Ti pristine and films irradiated at different fluences is 

shown in Fig. 5.14(c). The H/Eeff ratio is important parameter to measure the material 

elastic and elastic-plastic behaviors. 

 

Figure 5.14. Bar chart of hardness (a), elastic modulus (b) and plastic resistance 

parameter of pristine and irradiated Ni-Ti films at different fluences of 100 MeV Ag
7+

 

ions.  
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The higher value of H/Eeff ratio shows the excellent the wear resistance and better 

films quality, while a lower value of H/Eeff reveals large fraction of work is consumed 

in plastic deformation, and large strain energy is required when contacting a material 

[202]. A higher (H/Eeff) value (0.090 ±0.008) is obtained for the film irradiated at a 

fluence 1×10
13

 ions /cm
2
. The higher value of H/Eeff shows the better wears resistance 

and small strain energy for deformation.  

Fig. 5.15 shows the variation of electronic (Se) and nuclear stopping (Sn) power versus 

energy for 100 MeV Ag
7+

 ions calculated by SRIM program in Ni-Ti matrix. The 

strength of interaction between incident ions and target atoms depends on charge, 

mass and energy of the incident ions. The energy deposited by bombardment ions can 

modify the structural and phase transformation properties of films. The electronic 

excitation and ionization of materials by SHI irradiation causes the significant 

displacement of atoms.  

 

Figure 5.15. SRIM simulation of nuclear (Sn) and electronic stopping (Se) power 

versus energy for Ag
7+ 

ions in Ni-Ti matrix. 

When energetic ions pass through the Ni-Ti films they lose their energy via two 

independent processes; (a) nuclear stopping (Sn) loss: incident ions transfer their 

energy to target lattice by elastic collision and cause significant atomic displacements, 

which further results in creation of frenkel defects (vacancies or interstitial), (b) 

electronic stopping (Se) loss: incident ion transfer their energy to electron of target 

atoms by inelastic collision terms known as electronic stopping loss. In the high- 
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energy region (energy range of the order of ~MeV) electronic stopping dominates 

over nuclear stopping and modifications are mainly due to the electronic stopping. In 

the present study, Ag ions are chosen due to its higher mass and energy regime. Fig. 

5.16 shows the variation of Se and Sn with projected depth of ~800 nm at 100 MeV for 

Ag
7+

 ions, which is much larger than~270 nm, film thickness of Ni-Ti films. 

Therefore, the effect of electronic stopping power on structural and mechanical 

properties of Ni-Ti films is anticipated to be uniform irradiation throughout the films 

thickness. 

 

Figure 5.16. SRIM simulation, variation of electronic (Se) and nuclear energy (Sn) 

loss of 100 MeV Ag
7+

 ions with thickness in Ni-Ti thin film. 

5.3. Ni (90 MeV) ions irradiation induced modifications in Ni-Ti shape memory 

alloy thin films 

Ni-Ti intermetallic alloy is a functional material not only as practical shape memory 

alloys with prominent strength and ductility but also as those demonstrates unique 

physical properties such as pre-deformation behavior. The work output per unit 

volume of Ni-Ti alloy is much higher in contrast to other micro-actuation 

mechanisms. The phase transformation path in Ni-Ti alloy is changed by the 

significant change in physical, chemical, electrical and mechanical properties such as; 

surface roughness, thermal expansion coefficient, electrical resistivity, dielectric 

constant, yield stress and damping [203, 204]. All these changes could be fully 
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utilized in design and manufacturing of pumps and grippers for uses in MEMS 

applications. Therefore, modifications in deposited films by using different fluences 

of SHI irradiation is immense technically importance to explore the various properties 

of Ni-Ti SMAs. 

In last decades, the effect of different type of perturbations such as the electron, 

proton, and ion irradiation on microstructure, phase transformation, and mechanical 

properties have been reported in literature [101,103,191], But investigation of surface 

characteristic and mechanical behavior of Ti-56.7at.%Ni thin films, irradiated by SHI 

irradiation are not adequate. The main motive of the present investigation was to 

improve the structural and mechanical properties of the Ni-Ti films for different 

MEMS applications by using SHI irradiation. Here, SHI ion irradiation demonstrated 

the enhancement in mechanical properties of Ni-Ti thin films up to certain fluences 

and decrements in the properties above that fluence. This study is also important to 

use Ni-Ti thin films in the harsh space environment, as is case of device deigned to 

remotely release the solar panels and antenna arrays of satellites, superior tribological 

and mechanical properties are required [114].     

In the present experiment, the stability of austenite and martensite phases against SHI 

irradiation has been studied. The partial amorphization of the as-grown phases: 

austenite and martensite were occurred, which leads to change in structural and 

mechanical behavior of Ni-Ti SMA. Furthermore, the variation in hardness and 

Young modulus of the films occurred drastically after SHI irradiation at higher 

fluences of Ni ions.  The irradiated Ni-Ti films at different fluences of 90 MeV Ni 

ions have been characterized by using different techniques such as RBS, XRD, AFM 

and nanoindentation measurements. 

Moreover, the irradiation of Ni-Ti films was carried out by 90 MeV Ni ion beam by 

using the 15 UD Pelletron Tandem accelerator at IUAC, New Delhi at room 

temperature. During irradiation, a high vacuum of the order of ~6×10
 -7 

torr was 

maintained inside the irradiation chamber to reduce the atmospherically impurity. The 

fluences of the beam were varying from 1×10
12

 to 1×10
13

 ions/cm
2
. The dimension of 

each film during the irradiation was 1×1 cm
2
 in the irradiation chamber. To cover the 

complete area and homogeneous irradiation, raster scan (1×1 cm
2
) of ion beam was 

done over the films surface during irradiation. The values of nuclear energy loss (Sn) 
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and electronic energy loss (Se) were calculated by SRIM 2008 code [168] and found 

to be 0.003×10
3
 eV/Å, 1.5 ×10

3 
eV/Å, respectively. Here the calculated value of Se is 

too high than that of Sn; therefore the modifications in Ni-Ti films are mainly 

occurred due to Se effects. Moreover, the range of 90 MeV Ag ions in Ni-Ti films 

(density 6.14 g/cm
3
) was also calculated by SRIM 2008 code and found to be 8.73 

μm, where range denotes the maximum distance up to which Ag ions can penetrate 

into the film, which is higher than the thickness of the film. During the irradiation, 

beam current was kept constant ~ 2 pnA (particle nanoampere) and Ni-Ti films 

surface was scanned over and area of 1×1 cm
2
 to get the homogeneous irradiation. 

5.3.1. Results and Discussion 

5.3.1.1. Rutherford Backscattering spectrometry 

RBS is a non-destructive technique and it gives the precise estimation of the 

composition and thickness of the deposited film. In present study, 5SDH-1.7 MV 

Tendem accelerator at IUAC, New Delhi, was used to perform the experiment. The 

Ni-Ti alloy thin film is very sensitive to the elemental composition and the 

composition uniformity over the surface. These two factors play an important role in 

the fabrication of thin film for shape memory applications. In addition, phase 

transformation behaviour and mechanical strength of the Ni-Ti alloy also depend upon 

the elemental composition.  

 

Figure 5.17. RBS spectra along with SIMNRA simulation of Ni-Ti pristine film 

deposited on Si substrate (a) and depth profile (b) performed by using 2 MeV He
2+

 

ions. 
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A small variation in composition (0.1 at.%) can cause a shift in transformation 

temperature by around 10 °C; consequently, the temperature of shape memory effect 

is altered significantly [205]. Moreover, the superelastic behavior of the thin films is 

also affected by their elemental composition. Therefore, the fabrication of thin films 

with desired composition and exact determination of the elemental composition of the 

films is very essential. Figure 5.17(a)-(b) represent the simulated RBS spectrum and 

depth profile for the pristine film deposited on Si substrate at 550 °C. To obtain the 

film thickness and elemental composition present in the pristine film, the RBS data 

has been simulated by using the SIMNRA simulation and the fitting of data is shown 

in figure 5.17(a) [169]. The simulated concentration of the Ti near the surface was 

found to be ~43.3 at.% and the concentration of the Ni was found to be ~56.7 at.%. 

The thickness of the film was calculated ~270 nm. Furthermore, fig. 5.17(b) shows 

the graph between the atomic concentration of Ni and Ti versus depth of the film. The 

figure shows the uniform distribution of elements (Ni and Ti) through the films 

thickness. A significant diffusion of Ni-Ti into Si substrate (~39 nm) is also observed 

after the deposition, which may be due to higher temperature deposition of Ni and Ti 

on substrate. 

5.3.1.2. X-Ray Diffraction 

Figure 5.18 shows the room temperature X-ray diffraction patterns plotted for Ni-Ti 

pristine and films irradiated at different fluences of 90 MeV Ni ions. The pristine and 

irradiated Ni-Ti films show the several diffraction peaks which indicate the 

polycrystalline nature of films. In spite of similar composition and thickness, the Ni-

Ti films irradiated with different fluences exhibits distinct phases at room temperature 

as authenticated by the XRD spectra.  

The XRD pattern of the pristine and the films irradiated at different fluences exhibit 

two major peaks corresponding to Ni-Ti SMAs. The XRD pattern of the pristine film 

deposited at 550 °C exhibits two strong peaks corresponding to austenite and 

martensite phases. The peak corresponding to the austenite phase is located at 2θ = 

42.5° (JCPDS file no. 65-5537) associated to cubic (110) plane, and the martensite 

phase at 43.9° (JCPDS file no. 77-2170) associated to monoclinic (002) plane, 

respectively. XRD analysis reveals that the martensite phase is disappeared in the 

films irradiated at the higher fluence of 1×10
13 

ions/cm
2
. The presence of martensite 
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phase at room temperature in the pristine film could be due to higher biaxial stress. 

This type of behavior of martensite phase is consistent with the data reported by 

Martins et al. [206]. The growth of austenite phase corresponding to (110) plane in the 

pristine film could be due to the fact that most of the body centred cubic crystal 

structure exhibit minimum surface energy along (110) plane. This surface energy is 

the most dominating driving force for structure formation [173]. The Ni-Ti film 

irradiated at the fluence of 1×10
12

 ions/cm
2
 exhibits the decreases austenite and 

martensite peaks corresponding to (110) and (200) plane with reduced intensity. With 

further increase in the fluence to 3×10
12

 ions/cm
2
, the intensity of the austenite peak 

decreases and the peak corresponding to martensite phase (200) became broad.  

The broadening of the (200) plane shows the low stability of the martensite phase 

against the SHI irradiation. Moreover, the peak broadening also indicates the partial 

amorphization of the martensite phase at this fluence. With further increase in fluence 

to 9×10
12

 ions/cm
2
, the intensity of both the phases decreases considerably.  

 

Figure 5.18. XRD patterns of pristine and irradiated Ni-Ti thin films at different 

fluences of 90 MeV Ni ions. 

The decrease in intensity of both peaks corresponding to austenite and martensite 

phases shows partial amorphization of both the phases and suppression of phase 

transformation from austenite to martensite phase by electronic energy deposition in 
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Ni-Ti matrix. At higher fluence of 1×10
13

 ions/cm
2
, the XRD peaks corresponding to 

austenite and martensite phase with low intensity and significant broadening shows 

the partial amorphization behaviour. The decrease in fraction of crystallinity of both 

phases depends upon the amount of energy deposited by SHI irradiation in Ni-Ti 

films by Ni ions. Which can be understand as: when the energetic ions pass through 

the Ni-Ti films, it causes ionization and excitation of alloy atoms, leading to 

modification in alloy properties such as structural and phase. Such high electronic 

excitations produce local heating followed by rapid quenching (thermal spike) which 

subsequently generates lattice distortions. Such drastic distortions in the lattice are 

responsible for the amorphization of material [191]. The partial amorphization of both 

the phases at higher fluence has been the introduction by lattice defect and high strain 

generation by the bombardment of 90 MeV Ni ions on Ni-Ti films. The changes in 

material crystallinity also depend upon the irradiation condition such as ion fluence, 

irradiation temperature and nature of the ions as reported by several authors 

[192,193]. In reference to electron and proton irradiation, it has been quite well 

reported in the literature that irradiation by these species causes lattice disorder and 

stress field around the materials [194]. The lattice disorder by electronic excitation 

generates the point defect (vacancy and interstitial pairs) which is evenly distributed 

in the materials and suppress the transformation temperature and cause amorphization. 

Irradiation of the materials at critical fluences, produce isolated amorphous zone 

called ion track and density of these ion tracks (amorphous zones) are continuously 

expended with increasing the fluences, and at a much higher fluence these amorphous 

zone started to overlap material become amorphous [93]. 

Furthermore, average particle size or crystalline size (D) of the pristine and the 

irradiated Ni-Ti thin film at different fluences has been calculated from line 

broadening of the XRD lines, corresponding to austenite (110) plane after removing 

the instrumental broadening by using the Debye-Scherrer‟s formula [142]; 

 

                                              D= (3.9)
cos

K

 
                                                                          

where D = crystallite size, K = shape factor (0.9), β = integral half width, λ and θ are 

the wavelength of Cu-Kα (λ=0.154 nm) radiation, and Bragg angle, respectively. The 

calculated crystallite size (D) values for the pristine is 31.57±1and for the films 
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irradiated at different fluences of 90 MeV Ni ions (1×10
12

, 3×10
12

, 9×10
12

 ions/cm
2 

) 

are found to be 30.44 ± 1 nm, 28.41 ± 1 nm, 26.63 ± 1 nm and 18.52 ± 1 nm 

respectively as summarized in table 5.2. Furthermore, the strain (εzz) developed in 

pristine and irradiated Ni-Ti thin films at different fluences due to SHI irradiation was 

computed along the austenite (110) plane by the following relation [142]:  

0

0

( )
(%) 100 (5.2)zz

a a

a



    

where symbol 'a'   represents the lattice parameter of strained Ni-Ti films and 'a0' is 

represent the unstrained lattice parameter corresponds to bulk Ni-Ti alloy. The lattice 

parameter „a‟ of Ni-Ti films has been calculated by using the equation for cubic 

structure [207];  

                                             

2 2 2

2 2

1 ( )
(5.3)

h k l

d a

 
     

where d is the interplanar distance calculated from the position of the peak (110) by 

using the Bragg condition, a is the lattice parameter and h, k, l are the Miller indices. 

The calculated values of strain were observed to increase with the increase in the ion 

fluence and decrease in crystallite size.  

 

 

Figure 5.19. Variation of crystallite size and lattice strain with fluence for the pristine 

and the films irradiated at different fluences of 90 MeV Ni ions. 
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For the pristine thin film, the calculated strain value is 0.30 and for the films 

irradiated at different fluences 1×10
12

, 3×10
12

, 9×10
12

, 1×10
13 

ions/cm
2 

are found to be 

0.31, 0.33, 0.36 and 0.52 respectively as reported in table 5.2. The calculated lattice 

parameter has been found to be smaller than the 'bulk' lattice parameter, suggesting a 

lattice compression in the direction perpendicular to the film plane. This behavior 

indicates the presence of compressive in plane stress in the films. A systematic 

increase in strain values was observed with the increase in ion fluence of 90 MeV Ni, 

which could be due to the increase in lattice defects, large number of grain boundaries 

(decrease in crystallite size) and decreased  ordering as evident by the decrease in the 

peak intensity of preferred orientation of Ni-Ti films. 

The dislocation density (δ) of the pristine and irradiated Ni-Ti films at different 

fluences has been calculated from the crystallite size (D) using the given relation 

[174], and the obtained values are given in table 5.2: 

δ = 2

2

1
/ (4.2)line m

D


 
 

The dislocation density is a line defect and it is defined as the length of dislocation per 

unit volume. The values of dislocation density increase with the increase in ion 

fluence and strongly depends upon the number of defects creates by the incident Ni 

ions in the Ni-Ti films. 

Fluence 

(ions/cm
2
) 

2θ 

(degree) 

FWHM 

(degree) 

Crystallite size 

(D) (nm) 

along (110) 

peak 

 

Lattice strain 

(ε)% 

along (110) 

peak 

Dislocatio

n density 

(δ)×(10
15 

line/m
2
) 

Pristine 42.56 0.27 31.57±1 0.30 1.00 

1×10
12

 42.51 0.28 30.44±1 0.31 1.07 

3×10
12

 42.52 0.30 28.41±1 0.33 1.23 

9×10
12

 42.54 0.32 26.63±1 0.36 1.41 

1×10
13

 42.52 0.46 18.52±1 0.52 2.91 

 

Table 5.2. Microstructural parameters of pristine and 90 MeV Ni ion irradiated Ni-Ti 

thin films at different fluences. 
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5.3.1.3. Atomic Force Microscopy 

The topographical features (roughness and grain size) of the pristine and 90 MeV Ni 

ion irradiated Ni-Ti thin films at different fluences ranging from 1×10
12

 to 3×10
13

 

ions/cm
2
 have been studied with AFM in tapping mode. Fig. 5.20(a)-(e) show two-

dimensional representations of AFM micrographs of pristine and irradiated Ni-Ti thin 

films on the scan area of 2×2 μm
2
. It is clear from the AFM micrographs that films 

irradiated at different fluences have different surface morphology. The AFM 

micrograph of the pristine film (Fig. 5.20 (a)) shows the very dense and fine grains 

with well define boundary of the Ni-Ti film deposited at 550 °C. The film irradiated 

by SHI irradiation at fluence of 1×10
12

 ions/cm
2
 reveals the change in surface 

morphology with fluence. Further, the film irradiated at the fluence of 3×10
12

 

ions/cm
2
 represents the random distribution of crystalline grains over the film surface. 

Further increasing in fluence of 3×10
12

 ions/cm
2
, no sharp grains boundary is 

observed, which indicates the featureless grain morphology. However, as the fluence 

of irradiation increased further from 3×10
12

 to 1×10
13 

ions/cm
2
, (Fig. 5.20(d) to (e)) 

the amorphous state like topography appears which indicates the loss of crystallinity 

of film at this fluence. However, at this fluence some randomly distributed columnar 

grains are formed by the coalescence of adjacent grains due to the electronic energy 

deposited in Ni-Ti matrix by SHI. The change in surface morphology of the films 

could be understood by electron energy deposited into the films, which are given as 

when the SHI irradiation falls on the metallic films, it lose their energy into the films 

followed by excitation and ionization of the atoms of the deposited material. The 

electronic energy deposited by SHI irradiation into Ni-Ti alloy beyond a certain 

threshold (Se~32 keV/nm for Ni-Ti alloy) promotes the significant movement of 

atoms resulting into the change in the surface morphology (shape of grains) and 

crystallinity of the film [93]. 

The surface topography of the pristine and irradiated Ni-Ti films at different fluences 

can be obtained by using the roughness parameter like average roughness (Ravg) and 

root-mean-square surface roughness (Rrms). The surface roughness of all the films was 

obtained from AFM scan over film area of 2×2 μm
2
, three times at a different position 

for each film by using the following equations [177]: 
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where N represents the number of surface height data, and Z  is the mean height 

distance. 

 

Figure 5.20. AFM (2D) surface morphological micrographs over scan 2×2 μm
2
 areas 

for the pristine and irradiated Ni-Ti thin films at different fluence of (b) 1×10
12

 

ions/cm
2
 (c) 3×10

12
 ions/cm

2
 (d) 9×10

12
 ions/cm

2
 and (e) 1×10

13
 ions/cm

2
. 
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The Ravg and Rrms values of the films increase with the increase in the fluences up to 

3×10
12

 ions/cm
2
 and then decrease considerably with the increase in the fluence. The 

Ravg value for the pristine film is ~2.14 and for the films irradiated at different 

fluences are found to be ~3.77 nm, ~4.31 nm, ~2.52 nm and ~1.75 nm, respectively, 

while the values of Rrms for the pristine and the films irradiated at different fluences 

were found to be ~1.81nm, ~2.23 nm, ~3.89 nm, ~1.83 nm and ~1.32 nm respectively.  

From the AFM measurement, it has been observed that the small surface roughness 

contributed by the shallower depression exhibits smooth film surface and higher 

surface roughness occurs most probably due to the ion irradiation induced sputtering 

effect during the ion irradiation [208]. 

5.3.1.4. Nanoindentation 

The nanoindentation is a convenient tool to test the fundamental mechanical properties, 

i.e., elastic modulus and hardness and the extent of stress-induced phase transformation 

in a small volume of Ni-Ti films. It is employed to measure the penetration depth of an 

indenter into the film surface along with the applied load to measure the values of area 

of the contact depth and hardness of the materials deposited on the substrate. In the 

present study, three indents test were conducted on pristine and the irradiated Ni-Ti thin 

films at three different locations, each spaced 2 μm apart from each other. Each 

indenter test consisted of 8-second linear loading, 10-second holding to a peak load and 

8-second unloading segment. Mostly the holding period has been used to diminish the 

time-dependent effects (creep effects) cause by the specimen. Fig 5.21(a)-(e) represents 

the load versus displacement curves for the pristine and the films irradiated at different 

fluences of 1×10
12,

 3×10
12 

9×10
12 

and 1×10
13

 ions/cm
2
, respectively. The mechanical 

properties such as hardness and elastic modulus of the films were obtained from load 

versus displacement curves (p-h) and analyzed by using the Oliver and Pharr method 

[156, 209]. The load versus displacement curves obtained for all the films were plotted 

in the figure 5.21(a)-(e). The pattern of load versus displacement curves for all the films 

was consistent from test to test, indicating that the surface of all the films is quite 

homogeneous over the areas tested. The load versus displacement graphs of all the 

films shows the overall elastic-plastic response [210]. The unloading curves (plastic 

response) of all the films are smooth demonstrating the stress recoveries on relaxation 

during indentation withdraw. 
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Figure 5.21. Load versus displacement curves for pristine and the films irradiated at 

different fluences of 90 MeV Ni ions.  

It has been observed that irradiation of the films has a significant effect on the 

mechanical properties of the films irradiated at different fluences. Irradiation of the 

films up to certain fluence leads to an increase in mechanical strength by grain 

boundary and dislocation interaction with the consequent increase in average elastic 

modulus and hardness of the films. At low fluences, the hardness and elastic modulus 

of the films increase due to the nucleation and propagation of dislocations, but at 

higher fluence the value of hardness is decreased. The table 5.3 given below shows 

the variation of hardness and elastic modulus for the pristine and irradiated Ni-Ti thin 

films. 
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The elastic modulus of the films is calculated by using the following equation: 

(4.5)
2

eff

S
E

Ac


   

where S is unloading stiffness at maximum load (
dP

S
dh

 ) and Ac is the projected 

contact area and Eff is the effective modulus of the material related to the modulus of 

elasticity which is given by following equation:   

2 2(1 ) (1 )1
(4.6)i s

eff i S

v v

E E E

 
    

  

where, subscript i represents the indenter material, and subscript s corresponds to 

sample material and ν is the Poisson‟s ratio. The hardness (H) of the films can be 

calculated by the following equation: 

max (3.13)
P

H
A

 
 

where Pmax is the maximum indenter load and A is the projected contact area at that 

load. The calculated values by nanoindentation measurement are shown in table 5.3. 

The hardness of the pristine film is 11.26 ± 0.4 GPa and for the films irradiated at 

different fluences of 90 MeV Ni ion are found to be 11.4 ± 0.9 GPa, 12.8 ± 0.9 GPa, 

10.90 ± 0.5 GPa and 9.18±0.4 GPa respectively. The elastic modulus of the pristine 

film is 155.57 ± 4.06 GPa and for the films irradiated at different fluence are found to 

be 163.39 ± 2.62 GPa, 169.4 ± 2.46 GPa, 164.46 ± 3.92 GPa and 167.46±3.98 GPa 

respectively. The obtained values of the elastic modulus at different irradiated 

fluences follow the same trends as shown by the hardness. It illustrates that hardness 

of the Ni-Ti films increases up to the fluences 3×10
12

 ions/cm
2
 and after that, the 

hardness of the films decreases with increasing the fluences. The decrease in hardness 

at higher fluences is due to the formation of lattice disorder and partial amorphization 

of the films. However, the formation of defects such as dislocation, precipitation and 

ion irradiation induced phases in the shape memory alloy up to certain limit leads to 

increase in resistivity and barrier strength. However, these treatments contribute to 

change the martensite transformation temperature by changing the internal stress and 
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chemical composition of the film matrix [108, 211]. It is also reported that hardness of 

the metallic thin films improved drastically when the thickness of the deposited films 

on the substrate is below ~300 nm as per the Hall Petch relation [201].  

Fluence 

(ions/cm
2
) 

Hardness 

H (GPa) 

elastic 

modulus 

Eeff (GPa) 

H/Eeff Depth 

recovery 

ratio 

Pristine 11.2 ± 0.4 155 ± 4.0 0.072 ± 0.001 0.41 

1×10
12

 11.4 ± 0.9 163 ± 2.6 0.069 ± 0.006 0.42 

3×10
12

 12.8 ± 0.9 169 ± 2.4 0.075 ± 0.006 0.42 

9×10
12

 10.9 ± 0.5 164 ± 3.9 0.066 ± 0.003 0.36 

1×10
13

 9.1 ± 0.4 167 ± 3.9 0.054 ± 0.003 0.34 

 

Table 5.3. Variations of hardness and elastic modulus parameter for pristine and 

irradiated Ni-Ti thin films at different fluences.  

The significant feature to examine the behavior of wear resistance of the films is 

ascribed by the ratio of hardness to elastic modulus. In addition, it is a major 

parameter to determine the elastic and elastic-plastic behavior of the films. Ni et al. 

observed that the deformation around the indenter surface arises due to the sink-in and 

piling-up of material and the tendency of sink-in increases with increasing the value 

of H/E ratio. The film with the higher ratio of (H/E), results into smaller accumulation 

strain and leading to excellent wear resistance, while the lower value of (H/E) 

demonstrates more fraction of work consumed during the plastic deformation and 

more strain energy is required when contracting a material [202]. The film irradiated 

at a fluence of 3×10
12

 ions /cm
2 

has the higher (H/Eeff) value (0.075 ± 0.006). This 

higher (H/E) value shows the small strain energy and better wear resistance for 

deformation and thus it can be used in MEMS devices. 

The indentation induced superelastic effect is analyzed by depth recovery ratio, which 

is estimated from the load versus displacement curves by using the following equation 

[212]:  

                               Depth recovery ratio (δ) =

 

max

max

( )
(4.7)rh h

h
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where hmax and hr correspond to the penetration depth at maximum load, and residual 

displacement when load returned to zero during indentation withdrawal respectively. 

The value of depth recovery ratio is increases for the pristine and the films irradiated 

up to the fluence of 3×10
12

 ions/cm
2
 and decreases considerably for the films 

irradiated at fluence 3×10
12

 ions/cm
2 

and 3×10
12

 ions/cm
2
 as shown in table 5.3. The 

increment in depth-recovery ratio could be due to the higher hardness and higher 

degree of crystallization. However, the decrement is most probably due to the lower 

hardness and irradiation induced defects. The films irradiated at higher fluence of 

9×10
12

 and 1×10
13

 ions/cm
2
 show the increase in mechanical hysteresis due to the less 

crystallinity. 

 

Figure 5.22. SRIM simulation of electronic and nuclear stopping potential versus 

energy for Ni-Ti film irradiated by Ni ions. 

The fig. 5.22 shows the graph between electronic (Se) and nuclear (Sn) stopping power 

versus energy (MeV) for the Ni-Ti thin films with composition Ti 57.7at.%-Ni. The 

variation of Se and Sn versus energy of the incident 90 MeV Ni ions is simulated by 

using TRIM 2008 code. The interaction between the bombarded incident ions and the 

target atoms depends upon the energy, mass and charge of the incident ions species. 

Sufficient energy provided by the incident ions to the target Ni-Ti matrix can cause 

the significant moment of the atoms resulting in the change in structural and phase 

transformation properties of the films. In SHI irradiation process, the energy is 
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deposited into the materials by two independent processes namely as electronic 

energy loss (Se) and nuclear energy loss (Sn). In electronic energy loss: ions of indent 

beam transfer their energy to the electrons of target atoms by inelastic collision and 

terms known as the electronic energy loss. In nuclear energy loss: ions of incident 

beam deposited their energy into the material lattice by the elastic collision which 

causes significant movement of atoms resulting in formation of frenkel defects 

(vacancies or interstitial defect).  

 

Figure 5.23. SRIM simulation, variation of electronic (Se) and nuclear stooping ((Sn)) 

powers of 90 MeV Ni ions with variation in thickness in Ni-Ti thin film. 

In the high energy range, energy of the order of MeV/amu, electronic stopping 

dominates over the nuclear stopping potential, therefore; modifications in the target 

materials are mainly observed due to the electronic stooping potential. Furthermore, 

fig.5.23 shows the variations of electronic and nuclear stopping potential with the 

penetration depth of incident ion beam (90 MeV Ni) in Ni-Ti film. The figure shows 

that the penetration depth of the incident beam is much larger than the thickness of the 

films therefore the incident beam could penetrate the Ni-Ti films and get buried into 

the Si substrate.  

Summary: 
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In the present chapter, a systematic and preliminary investigation on Ni-Ti 

nanocrystalline thin films deposited on Si substrate at 550 
o
C has been done. The 

prepared Ni-Ti films were irradiated by using different ions species (Au, Ag & Ni) 

and energies, i.e., 120 MeV, 100 MeV, and 90 MeV respectively. The experimental 

results of surface modifications conditions and structural, electrical and mechanical 

properties of as-deposited and modified Ni-Ti thin films were analyzed, compared and 

discussed in this chapter. The study of surface modifications and enhancement in 

various properties of the Ni-Ti SMAs films at different fluences and ion species leads 

to conclusions. SHI irradiation was extensively applied to engineering the structural, 

electrical, mechanical and chemical properties of Ni-Ti SMA material near the surface 

region. This innovative materials modification treatment alters the initial surface, and 

following effects are observed: 

In case of the films irradiated by 120 MeV Au ions at different fluence ranging from 

1×10
12

 to 3×10
13

 ions/cm
2
, the surface morphology of the films changes with the 

increase in fluence as confirmed by FESEM and AFM micrographs. As the fluence 

increases, spherical shaped grains increases as compared to pyramidical ones due to 

change in phase and at considerable the higher fluence of 3×10
13

 ion/cm
2
, spherical 

grains also disappear due to the amorphization of the films at such high fluence. The 

crystallinity of the Ni-Ti SMAs decreases with increase in fluences and at a fluence of 

3×10
13

 ions/cm
2
 complete amorphization occurred as authenticated by XRD. Further, 

R-T measurement is revealed that clear phase transformation from martensite to 

austenite phase and vice versa via R- phase in pristine film during subsequent heating 

and cooling cycles. The R-T measurements also revealed the degradation of shape 

memory effect and occurrence of the non-metallic behavior of Ni-Ti films irradiated 

at higher fluences. Further, in the case of the films irradiated at 100 MeV Ag
7+ 

ion 

irradiation at different fluences of 1×10
12

, 5×10
12

 and 1×10
13

 ions/cm
2
, the structural 

and mechanical properties significantly change with change in ion fluences. The films 

irradiated at a fluence of 1×10
13

 ions/cm
2
 shows the formation of buried Ni3Ti 

precipitate phases as authenticated by XRD. XRD measurement also evidences that 

irradiation of Ni-Ti film at higher fluence suppresses the austenite and martensite 

phases by introducing an intermediate Ni3Ti precipitation phase. AFM and FESEM 

measurements show the change in surface morphology with fluence. The Ni-Ti films 

surface roughness was increased with increase in ion fluence, which may be due to the 
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ion irradiation, induce sputtering effects. Furthermore, nanoindentation measurement 

revealed that hardness and Young modulus of Ni-Ti thin films improved with increase 

the ion fluences. In addition to that, Ni-Ti thin films are also irradiated by using 90 

MeV Ni ions to investigate the stability of austenite and martensite phase against the 

SHI irradiation. The irradiated Ni-Ti films show the less stability of martensite and 

higher stability of austenite phase towards the SHI irradiation.  
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Chapter 6 

 

Conclusion and Future Work 
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6.1 Summary of the work done 

  
In the present research work, we have studied the synthesis and modifications of 

binary Ni-Ti SMAs thin films by using SHI irradiation. The Ni-Ti thin films have 

been prepared by using magnetron co-sputtering technique with two different targets 

(Ni and Ti). To enhance the various properties, modifications have been done by 

employing different energy and ion fluences. The various aspects of modified Ni-Ti 

alloy, including crystallographic mechanism of martensitic phase transformation and 

shape memory effect, the effects of implantation/irradiation on phase transformation 

path and on mechanical properties have been investigating using different 

characterization techniques. From these results following conclusions can be drawn: 

 

It is concluded that- 

 

(i) Sputter-deposited Ni-Ti thin films with composition Ti 57.7at.%Ni  on Si 

substrate have been successfully synthesized. The shape memory effect and 

mechanical properties are found comparable to those of bulk alloy. 

(ii)  The synthesized films show the preferential orientation of Ni-Ti alloy 

corresponding to austenite and martensite phases. It has been revealed that the 

precise control on deposition parameters could be used to manipulate the 

transformation temperatures. Furthermore, films exhibit the good crystallinity 

and uniform growth. 

(iii) The incorporation of implanted Ag ions into the Ni-Ti SMAs matrix modified 

the structure of Ni-Ti, which subsequently changes the phase transformation 

path and transition temperatures. 

(iv)  Ion implantation of Ni-Ti films at different fluence leads to the formation of 

R-phase which is found to be very advantageous for the two ways shape 

memory effect. 

(v) Increase in fluence of implanted Ag ions shifts the martensite transformation 

towards lower temperature. 

(vi)  Mechanical properties of implanted Ni-Ti thin films are improved Ag ions 

implantation. A better shape recovery in terms of higher recoverable strain 

was attainable with the increase in the fluence of Ag ions in Ni-Ti matrix. 
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(vii)  The structural and mechanical properties of nanocrystalline Ni-Ti thin films 

are found to be dependent on ion fluence and their corresponding energies. 

The films irradiated by 120 MeV Au ions show the complete amorphization 

behavior, however, in case of the films irradiated by 100 MeV Ag and 90 

MeV Ni ions partial amorphization is seen. 

(viii)  The preferential orientation of sputtered Ni-Ti films is also influenced by the 

application of SHI irradiation. It has been observed that the precise control of 

the electronic energy of the bombarding ions could be used as a tool to modify 

the various properties of materials. Further, the films irradiated by 120 MeV 

Au ions exhibit the non-metallic behavior at room temperature.  

(ix) The optimization of the irradiation fluence and species leads to the growth of 

hard precipitation and ductile phase on graded Ni-Ti films. This could be 

useful for the fabrication of the films with higher ductility and superior 

mechanical properties.  

(x) The preferential growth of <110> orientated grains of austenite phase from the 

beginning of the deposition is observed. This is ascribed to the fact that most 

of the body centred cubic structure grow with minimum surface energy. 

(xi) The Ag ion irradiated Ni-Ti thin film exhibits improved mechanical properties 

and excellent wear resistance by grain boundaries and dislocation interaction 

in comparison to pristine film, while the Ni ion irradiation at higher fluence 

results in the decrease of mechanical strength.  

(xii) 90 MeV Ni ion irradiated magnetron sputter Ni-Ti films show the modification 

in crystallite size. The increase in fluence of irradiation ions (1×10
12 

to 1×10
13

 

ions/cm
2
) decreases the crystallite size (from 31.57 nm to 18.52 nm). This is 

because of the defragmentation of grains due to the deposition of very high 

energy into the Ni-Ti films.  

(xiii)  The increase in 90 MeV Ni ion fluence results in the change in surface 

roughness of irradiated Ni-Ti films. The surface smoothing increases with 

increasing the ion fluence. 

(xiv)  The structural, electrical, morphological and mechanical properties of Ni-Ti 

films can be tuned by making use of SHI irradiation/implantation; however, 

high fluence could degrade their shape memory properties. 
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(xv) Shape memory characteristic of the alloy degrades at high energy ion 

irradiation condition. In contrary, ion irradiation at low fluences with a proper 

ion beam leads to higher ductility.  

 

6.2 Future prospects 

Depending on above results and discussions, it is evident that there are many possible 

extensions and opportunities of the present work for further research and 

development, some of them can be given as:  

(i) The electrochemical measurement of Ni-Ti SMAs based alloy at high 

temperature needs to be made to understand the corrosive behavior of Ni-Ti 

thin films. 

(ii) The temperature dependent XRD measurement could be performed on pristine 

and irradiated Ni-Ti SMAs across the transition temperature. This experiment 

will provide the information of microstructure and amount of phase change 

from one crystal structure to another (martensite to austenite content). The 

temperature dependent XRD measurement of binary and irradiated/implanted 

films may be helpful to understand the mechanism of tuning of the 

transformation temperature of Ni-Ti SMAs films.  

(iii) A systematic study on the variation of thickness and dimension is required. 

This study would be important for the microactuator devices.  

(iv)  In addition, the effect of implantation of ions of various gases (Ar, N2, C and 

O2 etc.) in Ni-Ti thin film needs to be investigated in detail. 
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Abstract 

In the present work, the effects of 120 MeV Au ion irradiation at different fluences ranging from 1×1012 to 3×1013 ions/cm2 

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 5×1012 and 1×1013 ions/cm2, 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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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 Ti2Cu 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 

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 

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 (6x1012 ions/cm2) and 

amorphization at high fluence (3x1013 ions/cm2) 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 (1x1013 

ions/cm2) 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 5x1017 ions/cm2, 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 

1014 ions/cm2 at 300 K substrate temperature, but in case 

of 100 K it did not appear even at 1015 ions/cm2 [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 Ni3B [17], NiZr2 [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 

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 3×1013 ions/cm2, 

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. 

 

 
 

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 2×10−7 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 3×10-3 Torr using a dynamic 

throttling valve and substrate temperature was kept 

constant at 550oC. 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. 

Ion fluence was varied from 1×1012 to 3×1013 ions/cm2. 

The electronic energy loss Se and nuclear energy loss Sn 

calculated for Ni-Ti SMA using 120 MeV Au ions was 

∼3.1×103 and 5.3×101 eV/Å, respectively, and the range 

of Au ions in Ni-Ti was ∼7.6 μm 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 Si3N4 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 

Kα x-ray source in θ-2θ geometry having a scan speed of 

0.6 o/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 1×1012 to 3×1013 ions/cm2. It is clear from these 

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 1×1012 ions/cm2. 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 5×1012 ions/cm2 (Fig. 2(c)), FESEM 

micrograph show grains of similar morphology and 

constant size as found in film irradiated at fluence 1×1012 

ions/cm2. At further increased fluence of 1×1013 ions/cm2, 

smaller grains with diffused grain boundaries are 

observed (Fig. 2(d)). As the fluence is increased to 3×1013 

ions/cm2 (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 3×1013 ions/cm2.  

 

 
 
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 1μm×1μm. The 

root-mean-square roughness (Rrms) of the surfaces of the 

films was obtained from AFM scans over film areas of 

2μm×2μm by scanning three times, each time at a 

different location for every film. Rrms of the films was 

calculated using the following formula, 

Rrms = 2

i



  

where, Rrms is the root mean square roughness taken from 

the mean image data plane and Zi 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 

1×1012, 5×1012, 1×1013 and 3×1013 ions/cm2 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 1×1012 ions/ cm2 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 5×1012 and 

1×1013 ions/ cm2 respectively, whereas it decreases 

considerably for film irradiated at 3×1013 ions/cm2 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 

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.  

 

 
 

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 1×1012 to 3×1013 ions/cm2. 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 Ti2Ni and 

Ti3Ni4 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 2θ=42.5o which is due to the (110) 

fundamental reflection corresponds to cubic austenite 

structure, and the peak at 2θ=43.9o which is due to (002) 

fundamental reflection corresponds to monoclinic 

martensite structure. The peaks (1̅36), (13̅6) and (04̅4) 

corresponds to naturally oxidized Si substrate. The film 

irradiated at a fluence of 1×1012 ions/cm2 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 5×1012 ions/cm2, the peak intensity of both 

the phases decreases. With further increase in fluence to 

1×1013 ions/cm2, 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 3×1013 ions/cm2, 

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].  

 

 

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 3×1013 ions/cm2. 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 

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. 

 

 
 

Fig. 6. Electrical resistance versus temperature (R-T) curves of pristine 

and 120 MeV Au 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, Rf, Ms, Mf and As, Af, 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 Rf  (260 K), the electrical resistance goes on 

decreasing with temperature because R phase to 

martensite transformation begins to occur which gets 

completed below Mf. 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 1×1012 ions/cm2
,
 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 5×1012 and 1×1013 ions/cm2 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 (1×1013 ions/cm2) 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 1×1012 to 3×1013 ions/cm2 on Ni-Ti 

SMA thin films deposited by DC-magnetron co-sputtering 

system on Si substrate at 550 oC 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 3×1013 ion/cm2, 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 3×1013 

ions/cm2 complete amorphization occurred. The R-T 

measurements revealed that clear phase transformation 

from martensite to austenite phase and vice versa via R-

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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ABSTRACT
Nanocrystalline thin films of Ni–Ti shapememory alloy are deposited
onanSi substrateby theDC-magnetron co-sputtering techniqueand
120 keV Ag ions are implanted at different fluences. The thickness
and composition of the pristine films are determined by Rutherford
Backscattering Spectrometry (RBS). X-Ray diffraction (XRD), atomic
force microscopy (AFM) and four-point probe resistivity methods
have been used to study the structural, morphological and elec-
trical transport properties. XRD analysis has revealed the existence
of martensitic and austenite phases in the pristine film and also
evidenced the structural changes in Ag-implanted Ni–Ti films at
different fluences. AFM studies have revealed that surface rough-
ness and grain size of Ni–Ti films have decreased with an increase
in ion fluence. The modifications in the mechanical behaviour of
implanted Ni–Ti films w.r.t pristine film is determined by using a
Nano-indentation tester at room temperature. Higher hardness and
the ratio of higher hardness (H) to elastic modulus (Er) are observed
for the film implanted at an optimized fluence of 9× 1015 ions/cm2.
This improvement in mechanical behaviour could be understood in
terms of grain refinement and dislocation induced by the Ag ion
implantation in the Ni–Ti thin films.
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1. Introduction

Ni–Ti shape memory alloy (SMA) thin films are promising material in shape memory appli-
cations and superelasticity due to their phase transformations between austenite and
martensite phases. Shape memory behaviour of this material is used in micro devices for
micro-electromechanical systems (MEMS) such as microsensors and micro-actuators (1–3).
On theother hand, superelasticity is used inbiomedical applicationsmainly for neurovascu-
lar stents such as arterial stents and endovascular stents in blood vessels (4,5). The limitation
in mechanical properties of Ni–Ti such as hardness, corrosion and wear resistance make
it difficult to be used in orthodontic and MEMS applications. Therefore, it is essential to
improve the surface properties (e.g. wear resistance, hardness and biocompatibility) of
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Ni–Ti thin film for various applications. In order to enhanceNi–Ti properties, various surface
modification techniques such as oxidation treatment (6), gas nitriding (7), various coating
(8), laser melting (9), alkaline treatment and ion implantation techniques have been per-
formed on Ni–Ti alloy (10,11). The critical challenge for coating techniques focuses on the
binding strength because of the problem of delamination. However, for surface modifica-
tion of metals and alloys, ion implantation is a precise technique, which endows Ni–Ti SMA
with new modified surface layer with ability to retain its superelastic and shape memory
behaviour in the thin films. The modified surface also affects the structural, electrical and
mechanical properties by the presence of foreign ions (12,13).

It has been reported that themechanical properties of thematerials are strongly depen-
dent upon the defect density, grain refinement and precipitation, which lead to increase
in resistance of materials against plastic deformation. However, these treatments result in
a change in martensite transformation temperature by changing the internal stress and
chemical composition of thematrix (14,15). There are few reports (11,16–21) onmicrostruc-
ture and tribological properties of NiTi SMA implanted by different metallic ion beams. In
above reports, authors have reported improvement in tribological and biomedical prop-
erties of Ni–Ti alloy. Kaur et al. reported the improvement in electrical and mechanical
properties of Ni–Ti thin films by addition ofW inNi–TiMatrix. The improvement inmechan-
ical properties was attributed to the grain refinement of Ni–Ti thin films byW addition (22).
Oh et al. investigated the effect of Ag addition to Ni–Ti alloy on micro-hardness, phase
transformation temperature and corrosion behaviour for medical and dental application.
Arc melting, homogenization, hot rolling and solution heat treatment were performed to
prepare the Ni–Ti–Ag specimens. Ag addition in cast alloy increased the transformation
temperature range to 373 Kelvin (K) and stabilized the martensite phase at room temper-
ature along with the improved mechanical properties (21). Singhal et al. investigated the
effect of Ag ions on Au nanoparticles embedded in fullerene C70 matrix in order to tune
the surface plasmon resonance frequency (SPR). They observed that tuning of SPR wave-
length was due to phase transformation of fullerene into amorphous carbon with increase
of fluences (23).

Therefore, silver is the most promising element because it possesses many advantages
such as excellent biocompatibility, good antibacterial ability and thermal stability. It also
exhibits good corrosion resistance because of the formation of the oxide layer with Ti (i.e.
TiO2) (24–27). However, to the best of our knowledge, the effect of Ag implantation on
phase transformation behaviour and mechanical properties of Ni–Ti thin films prepared
by the dc-magnetron co-sputtering technique has not been reported. In the present study,
Ni–Ti thin films were implanted with 120 keV Ag ions at different fluences ranging from
3× 1015 to 3× 1016 ions/cm2. The correlation between themicrostructure andmechanical
properties of Ni–Ti thin films after implantation has been discussed in terms of crystallite
size and dislocation density.

2. Experimental details

Ni–Ti thin filmsweredepositedonSi substrate using theDC-magnetron co-sputtering tech-
nique. To achieve the uniform growth of Ni–Ti films, Si substrate was rotated (60 rpm) in
the horizontal plane of the targets. High-purity targets of Ni (99.99%) and Ti (99.99%) were
used in this study. The substrates were cleaned in an ultrasonic bath containing a mixture
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Figure 1. Depth distribution of Ag atoms in Ni–Ti films simulated by TRIM computer code for ten
thousand 120 keV Ag ions.

of (1:4) trichloroethylene and distilledwater, respectively. Before deposition, the sputtering
chamber was evacuated to a base pressure of about 2× 10−7 torr, while during deposition
the pressure was kept at 3× 10−3 torr. The pressure of Ar gas (99.99 at.%) was regulated to
be 9× 10−3 torr inside the chamber before deposition and sputtering of both the targets
and Si substrate for 10 minutes was performed for cleaning. After cleaning, the deposi-
tion was performed for 1 hour 40 minutes using direct current powers of 100W for Ti and
50W forNi target. The target to substrate holder distancewas fixed at approximately 16 cm.
During deposition the substrate temperature was kept at 823 K. Prepared Ni–Ti thin films
were implanted by 120 keV Ag ions (negative ion) using an MC-SNICS ion source in the
Low Energy Ion Beam Facility (LEIBF) of the Inter-University Accelerator Centre (IUAC), New
Delhi. During implantation, the samples’ stage in the implantation chamberwas kept under
apressure of ∼6× 10−7 torr. In the caseof 120 keVAg ions, the electronic andnuclear stop-
ping power (Se and Sn) in Ni–Ti thin film were calculated using SRIM code (28). The range
of Ag ions was calculated by SRIM and found to be ∼27.1 nm, where range denotes the
maximum distance up to which Ag ions can penetrate in to the film. The theoretical distri-
bution of Ag ionswas calculated by using TRIM 2008 computer simulation for ten thousand
ions (28). Assuming anormal Gaussian distribution, the values of projected ion rangeRp and
the standard variation �Rp was obtained as shown in Figure 1. Moreover, Figure 2 shows
the SRIM simulation of ion trajectory (1000 Ag ions) for 120 keV Ag ions and defect pro-
duction by implanted ions in 270 nm film thickness. The separate histograms of Ni and Ti
show the production of vacancies by implanted ions in the entire thickness. It is noticed
that the defects generated by incoming ions are in the range of energy of bombarded
ions. The calculated number of vacancies for Ni is found to be 1.3× 1024 for the fluence
of 3× 1015 and for the fluence of 9× 1015 and 3× 1016 ions/cm2

; the number of vacan-
cies are 4.0× 1024 and 1.3× 1025 ions/cm3, respectively. Similarly, Ti vacancies created at
different fluences of 3× 1015, 9× 1015 and 3× 1016 ions/cm2 are found to be 1.0× 1024,
3.1× 1024 and 1.0× 1025 ions/cm3, respectively. Thus, a higher number of vacancies and
hence a higher damage is produced in Ni–Ti thin films.

The atomic concentration and thickness of the pristine film were measured by Ruther-
ford Backscattering Spectrometry (RBS). The RBS was performed using 2MeV He2+ ions on
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Figure 2. TRIM simulation for 1000 Ag ion of 120 keV energy in Ni–Ti film showing the ion trajectory for
defects’ production by the energetic implanted ions in 270 nm thickness. The histograms of Ni and Ti
showing the vacancies created by the passage of 120 keV Ag ions in Ni–Ti films.

pristine Ni–Ti film. The structural and crystallographic orientation of Ni–Ti films were ana-
lyzed by an X-ray diffractometer (Bruker D8 Advance) with a Cu-Kα1 radiation source of
wavelength 1.54 Å. These measurements were carried out in a 2θ range of 35–52° at a scan
speed of 0.6°/minute. Furthermore, the surface morphology and the roughness of pristine
and implanted Ni–Ti films have been investigated using AFM (Bruker Nanoscope V) in the
non-contact mode.

To study thephase transformationof pristine and implanted films, four-point probeelec-
trical resistivity measurement was used in a temperature range of 100 K to 400 K, with a
heating/cooling rate of 2 K/minute. These measurements were carried out in a liquid nitro-
gen cryostat using a standard Keithley source meter and a temperature controller. For
electrical characterization, contacts over films weremadewith silver paste. Themechanical
properties of the pristine and implanted films were measured by using a CSM instrument
Nano-indentation tester equipped with a Berkovich diamond tip.
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Figure 3. RBS spectrum for NiTi pristine film (a) and implanted film at a fluence of 3× 1016 ions/cm2 (b)
along with SIMNRA simulation.

3. Results and discussions

3.1. Rutherford backscattering spectrometry

RBS is used to determine the film thickness, atomic species and their atomic concentra-
tion. Figure 3(a) displays the RBS spectrum of pristine Ni–Ti film on Si substrate at normal
incidence with detector positioned at 165° scattering angle. In order to measure the film
thickness and quantify the atomic concentration of metals in film, the RBS spectrum was
simulated by SIMNRA (29), and a fit is shown in Figure 3. The Ni atomic concentration was
calculated to be ∼56.7 at% and Ti was found to be ∼43.3 at%. The thickness of the film,
estimated by SIMNRA simulation is found to be ∼270 nm. Furthermore, the film implanted
at a fluence of 3× 1016 ions/cm2 was also characterized by using RBS to know the prefer-
ential sputtering in implanted film. The Ni-to-Ti ratio for the pristine and implanted films
decreases from 1.3 to 1.26 at%; this change suggests that there is preferential sputtering in
the Ni–Ti system during implantation process. Hence the variation in concentration of Ni
from 56.7 in pristine to 55.2% in implanted film is attributed; consequently, the preferential
sputtering of Ni atoms over Ti atoms takes place.

3.2. Structural properties

(a) X-ray diffraction
XRD pattern of Ni–Ti pristine film and also of those implanted by 120 keV Ag ions at flu-
ences of 3× 1015, 9× 1015 and 3× 1016 ions/cm2, respectively, are shown in Figure 4. XRD
pattern reveals that both the phases, austenite phase (A) (cubic; JCPDS file no. 65-5537)
as well as martensite phase (M) (monoclinic; JCPDS file no. 77-2170), were formed in Ni–Ti
pristine films deposited at 823 K, and planes corresponding to their structure aremarked by
correspondingMiller indices. Themost intense peak at 2θ = 42.5° is due to the (110) funda-
mental reflection corresponding to cubic structure and the peak at 2θ = 43.9°, which is due
to (002) fundamental reflection corresponding tomonoclinic structure, respectively. More-
over, a small peak at 43.2° was observed due to Ni4Ti3 precipitation phase corresponding
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Figure 4. XRD spectra of pristine and 120 keV Ag ions implanted Ni–Ti thin films deposited at 823 K by
using the DC-magnetron co-sputtering technique.

to (122) fundamental reflection. The evolution of the XRD peak with implantation fluences
exhibits different trends. Figure 4 shows that at the lowest fluence of 3× 1015 ions/cm2, a
small peak at 2θ = 44.5° arises corresponding to Ag (200) plane (JCPDS file no. 03-0921),
indicating the structural change produced by the implanted ions (30).

The mean crystallographic crystallite size (D) of the pristine and implanted thin films
was calculated from the XRD data corresponding to austenite (110) and Ag (200) peaks by
applying Scherrer’s formula (31).

D = 0.9λ
β cos θ

, (1)

where λ is the wavelength of Cu-Kα (λ = 0.154 nm) radiation, β and θ are full width at
half maxima (FWHM) and Bragg’s angle, respectively. The calculated value of crystallite size
for the pristine film is 32.7 nm and for the films implanted at different fluences 3× 1015,
9× 1015, and 3× 1016 ions/cm2 is found to be 30.2, 20.6 and 23.7 nm, respectively, as sum-
marized in Table 1. Also, the crystallite size corresponding to Ag (200) peak at fluences of
9× 1015, 3× 1016 ions/cm2 is calculated and found to be 22 and 27 nm, respectively. The
crystallite size corresponding to film implanted at a fluence of 3× 1015 ions/cm2 by Ag ions
could not be calculated due to small Ag signal.

The microstrain (ε) of pristine and implanted Ni–Ti thin films at different fluences was
calculated by using the following equation (32,33):

ε = βG cot θ
4

, (2)

where βG is FWHM (in radian) and θ = angle of diffraction, respectively. The calculated
values of microstrain were observed to increase with a decrease in the crystallite size up
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Table 1. Microstructural parameters of pristine and implanted Ni–Ti thin films at different fluences.

Fluence
(ions/cm2) 2θ (degree)

FWHM
(degree)

Crystallite size
(D) (nm) along
(110) peak

Microstrain (ε)%
along (110) peak

Dislocation density
(δ)× (1015

line/m2)

Average. surface
roughness (Rrms)

(nm)

Pristine 42.56 0.26 32.7 0.29 0.93 2.14
3× 1015 42.44 0.28 30.2 0.31 1.09 1.18
9× 1015 42.46 0.41 20.6 0.46 2.35 0.80
3× 1016 42.46 0.35 23.7 0.40 1.78 0.37

to a fluence of 9× 1015 ions/cm2 and it decreases at higher fluence of 3× 1016 ions/cm2.
The calculated values of microstrain in pristine film are 0.29 and for the films implanted
at different fluences 3× 1015, 9× 1015, 3× 1016 ions/cm2 was found to be 0.31, 0.46 and
0.40, respectively, as reported in Table 1. The film implanted at higher fluence (3× 1016

ions/cm2) shows an increase in crystallite size, which was calculated corresponding to
(110) plane. Moreover, a simultaneous increase in intensity indicates improvement in
crystallinity of Ni–Ti thin films. Therefore, it can be concluded that at higher fluence,
film releases strain energy, which is primarily responsible for the growth of (110) plane,
because most of the body-centred cubic orientations have a lower surface energy (34).
The peak broadening in XRD lines without affecting the peak position could be due to
the non-uniform displacement of atoms after implantation with respect to their lattice
position.

The dislocation density (δ) of the pristine and implanted thin films was calculated from
the crystallite size (D) using the following relation (35), and values are shown in Table 1.

δ = 1
D2 lines/m2. (3)

The dislocation density is defined as the length of dislocation per unit volume, while
the dislocation is a line defect. The calculated values of dislocation density were strongly
dependent upon the amount of defects produced by the Ag ions.

The XRD data for the pristine and films implanted at different fluences were obtained at
room temperature (300 K). The XRD data (Figure 4) show the presence of Ni4Ti3 phase at
43.2° (JCPDF file no. 39-1113) in the film deposited at 823 K and also in the films implanted
at different fluences. The presence of Ni-rich (Ni4Ti3) phase in Ni–Ti films leads to the forma-
tion of R phase as reported by Sanjabi et al. (36) and Gyobu et al. (37). Due to the existence
of Ni4Ti3 precipitate phase, we have R-phase in the present result, which was further con-
firmed by electrical resistivity versus temperature curves (Figure 6) in both heating and
cooling cycles.

(b) Atomic forcemicroscopy
The surfacemorphology of pristine andAg implanted films at different fluences of 3× 1015,
9× 1015 and 3×1016 ions/cm2, respectively, was analyzed by AFM. Figures 5(a)–(d) shows
the two-dimensional AFM images of pristine and implanted thin films with a scan area of
1 µm× 1 µm. AFM images clearly show the change inmorphology of films with an increase
in incident ions per unit area on the films. The root means square (Rrms) surface roughness
of Ni–Ti pristine and implanted films are given in Table 1. The root means square surface
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Figure 5. AFMsurfacemicrographofNi–Ti thin filmsover a scan area 1× 1 μm; (a) pristineNi–Ti film, (b)
Ni–Ti film implanted at 3× 1015 ions/cm2, (c) Ni–Ti films implanted at 9× 1015 ions/cm2 and (d) Ni–Ti
thin film implanted at higher fluence 3× 1016 ions/cm2.

roughness was calculated based on the calculation of standard deviation in peak to valley
difference in height within image area as reported in ref. (38).

Rrms =
[
1
N

N∑
i=1

|Zi − Z|2
]1/2

, (4)

where Zmean height distance andN is the number of surface height data. The Rrms value of
pristine films is ∼2.14 nm and for the films implanted at different fluences, it is found to be
∼1.09, ∼0.80 and ∼0.37 nm, respectively. The Rrms values of surface roughness calculated
by AFM images were observed to decrease with an increase in ion fluences, which could be
due to a decrease in crystallite size and an increase in XRD peak broadening.

3.3. Electrical transport properties

Phase transformation behaviour of pristine and 120 keV Ag-implanted thin films at differ-
ent fluences 3× 1015, 9× 1015 and 3× 1016 ions/cm2 was characterized by the four-point
probe resistivity method. Figure 6(a)–(d) shows the resistivity versus temperature curves of
pristine and implanted thin films at different fluences during heating and cooling cycles. At
the time of experiment, the condition of stationary equilibrium was maintained by cycling
the temperature stepwise with a sufficient time interval between every data point. In Fig-
ures 6(a)–(d), Rs, Rf , Ms and Mf denotes the start and finish temperature of formation of
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Figure 6. Electrical resistivity versus temperature curves of Ni–Ti pristine and implanted thin films at
different fluences during heating and cooling cycles.

intermediate R phase (36), martensitic phase (B′
19) on cooling and R′

s, R
′
f , As and Af denotes

the R phase, austenite phase (B2) on heating, respectively. It was observed that austenite,
martensitic and R phase are present in Ni–Ti pristine films and also in the films implanted
at different fluences, as shown in Figures 6(a)–(d). A linear decrease of resistivity values
was observed after implantation in Ni–Ti thin films with continuous increase in the flu-
ence; it may be explained as follows; during implantation, vacancy diffusion is increased
and this increased diffusion of vacancies leads to the decrease in the resistivity values (39).
Figure 6(a) shows the resistivity versus temperature curves of pristine Ni–Ti film deposited
at 823 K, which reveals two-step phase transformation from martensitic (B′

19) to austenitic
phase (B2) and vice versa via R phase, during heating and cooling cycles. It was observed
that upon heating, the value of electrical resistivity increases with an increase in the tem-
perature up to 260 K because of the formation of R phase, but after phase transformation of
martensite to austenite, the value of resistivity is found to decrease. The resistivity of films
was measured by using the following equation (40):

ρ = π t

ln 2

(
V

I

)
,

where V is the voltage, I current and t film thickness.
During heating and cooling cycles, R-phase transformation is observed in all the films

implanted at different fluences. The formation of R-phase during phase transformation
from austenite (B2↔ R) induces significantly small transformation strain (∼1%) when



638 V. KUMAR ET AL.

compared to the phase transformation from austenite to martensite (B2 → B′
19) phase

transformation (∼10%) (41). Decrease in strain by twinning plays an important role in the
formation of Rphase because it proceeds by nucleation and growth in parent phase. There-
fore, the formation of R phase is a self-accommodation process, which occurs gradually in
the parent phase with decreasing temperature. The presence of R-phase transformation
in Ni–Ti shape memory alloy thin films are found to be very beneficial to the two ways
shape memory effect which can remember both low and high temperatures shapes (42).
Due to this unique property, Ni–Ti SMA is considered as a promising material for actua-
tion of someMEMS devices such as microsensors andmicroswitches (3). Thin films of Ni–Ti
SMA are very sensitive to environmental changes such as electrical field, magnetic field,
stress and temperature and thus they can be used for microsensor applications (43). Other
promising applications include optical fibre switching, probe tips for self-regulating equip-
ment, fuel injectors, lenspositioner,microrelay and switches embeddedwithon-chip circuit
breakers to prevent overheating caused by accidental overload or short circuit, etc. (44). In
presentwork, two-way shapememory effect occurs due to the following reasons: existence
of Ni4Ti3 precipitate phase, intrinsic residual stress generation, higher Ni composition and
biasing force generated by Si substrate.

A two-step phase transformation in Ni–Ti films takes place in the following procedure as
reported by Mohri et al. (45):

A- phase → R- phase → M- phase (during cooling cycles),

M- phase → R- phase → A- phase (during heating cycles).

Figure 6(b)–(d) accounts a two-step phase transformation (austenitic phase↔ martensitic
phase via Rphase and vice versa) in Ni–Ti films implanted at 3× 1015, 9× 1015 and 3× 1016

ions/cm2, respectively, during heating and cooling cycles. The values of austenitic Af (finish
temperature of austenitic phase) andmartensitic phaseMs (startmartensitic phase temper-
ature) calculated from resistivity versus temperature curveswere found to be 321 and 260 K
for pristine film, 323 and 253 K for film implanted at 3× 1015 ions/cm2, 320 and 252 K for
the film implanted at 9× 1015 ions/cm2, 330 and 238 K for the film implanted at a fluence
of 3× 1016 ions/cm2. The thermal hysteresis width is defined by the temperature differ-
ence between the Af and Ms and found to be 61, 70, 68 and 92 K for the pristine and the
films implanted at different fluences. From resistivity versus temperature curves, it appears
that film implanted at a fluence of 3× 1016 ions/cm2 showsmuch larger hysteresis width in
comparison to pristine Ni–Ti films, which could be due to the structural defect and change
in the chemical composition after ion implantation (46). In case of the films implanted at dif-
ferent fluences at 3× 1015, 9× 1015 and 3× 1016 ions/cm2, respectively, it is observed that
hysteresis loop is not closed even at 100 K, which could be due to small grain size, lattice
mismatching and intrinsic stress formed in films after implantation.

3.4. Mechanical properties

The mechanical properties of pristine and 120 keV Ag-implanted Ni–Ti films were deter-
mined by CSM Nano-indentation. Figure 7 (a)–(d) shows the indenter load versus displace-
ment curves as a function of ion fluences taken at room temperature. These curves are
used to calculate the basic mechanical properties such as indent depth recovery ratio (δ),
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Figure 7. Load versus displacement curves of pristine and Ag-implanted Ni–Ti thin films at different
fluences.

elastic modulus (Er), hardness (H) and plastic resistance parameter (H/Er). All results were
calculated by using the Oliver and Pharr method (47):

The elastic modulus is defined by the equation:

Er = S
√

π

2
√
A
,

where S (unloading stiffness) = dP/dh and A is the projected contact area. The elastic
modulus of the material is related to the modulus of elasticity by the following relation:

1
Er

= (1 − v2i )

Ei
+ (1 − v2s )

ES
,

where subscript i represents the indenter material and subscript s corresponds to the sam-
ple material, and ν is the Poisson’s ratio. The hardness (H) of the material is expressed by
the following formula:

H = Pmax

A
,

where Pmax is the maximum load and A is the projected contact area. The obtained values
by nano-indentation test are listed in Table 2. The elastic modulus of the pristine film was
161GPa and for the films implanted at different fluences 3× 1015, 9× 1015 and 3× 1016
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Table 2. A comparison of hardness and elasticmodulus of pristine and 120 keV Ag-implanted Ni–Ti thin
films.

Fluence (ions/cm2)
Total depth
hmax (nm)

Residual depth
hr (nm)

Depth recovery
ratio (δ)

Hardness H
(GPa)

Elastic modulus
Er (GPa) H/Er

Pristine 192.3 112.3 0.41 17.7 161 0.10
3× 1015 190.6 114.2 0.40 20.1 164 0.12
9× 1015 167.4 80.9 0.51 28.2 173 0.16
3× 1016 178.9 94.2 0.47 22.3 170 0.13

ions/cm2, respectively, it was found to be 164, 173 and 170GPa, respectively, as men-
tioned in Table 2. The hardness of pristine film was 17.7 GPa and for the films implanted
at 3× 1015, 9× 1015 and 3× 1016 ions/cm2 respectively, it was found to be 20.1, 28.2 and
22.3 GPa, respectively. It has been observed that Ni–Ti film exhibits a higher value of hard-
ness (28.2 GPa) at a fluence of 9× 1015 ions/cm2 in comparison to pristine (H = 17.7 GPa)
film; this is ascribed to smaller crystallite size of implanted film compared to pristine films,
which is also confirmed by XRD analysis. It is found that a decrease in crystallite size
is almost 1.5 times lower than the pristine film. Similar behaviour was also reported by
Choudhary and Vishnoi et al. in NiTi/PZT/TiOx heterostructures andNiMnSn thin films. They
concluded that a large number of grain boundary leads to smaller crystallite size, which
restricts the wear of the films to a large extent by acting as barriers to dislocation motion
(48,49). It is also reported by several authors that smaller grain size and higher dislocation
density increase the yield strength of the material (50,51). The Ni–Ti films implanted at a
fluence of 9× 1015 ions/cm2 shows higher dislocation density and smaller crystallite size in
comparison to the films implanted at different fluences as reported in Table 1. Hardness-
to-elastic-modulus (H/Er) ratio is also an important parameter to measure the elastic and
elastic–plastic behaviourof thin films.AhigherH/Er value is found for the film implantedat a
fluence of 9× 1015 ions/cm2,which indicates small strain energy andbetterwear resistance
to plastic deformation.

The indentation-induced superelastic effect can be characterized by depth recovery
ratio, which is estimated from the load versus displacement curve by using the following
relation (39):

Depth recovery ratio ( δ) = (hmax − hr)

hmax
,

where hmax and hr correspond to penetration depth at maximum load, residual displace-
ment when load returned to zero during unloading, respectively. The values of hmax and
hr indicated by C, E, G, I and B, D, F, H respectively for different fluences are shown in
Figures 7 (a)–(d), and the values of depth recovery (δ) for the pristine and implanted films
are shown in Table 2. The hr and hmax are the characteristics of elastic nature of the mate-
rials and hardness. The Lower the values of hr , the higher is the elasticity of materials, and
also lower values of hmax show higher hardness of materials.

4. Conclusions

Ag-ion implantation at different fluences leads to the formation of new phases in the film
and causes significant changes in microstructural parameters. AFM study reveals changes
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in the surface roughness values with increases in ion fluence. It is concluded that a two-
step phase transformation (B2 ↔ R ↔ B′

19) takes place in Ni–Ti and Ni–Ti–Ag films during
heating and cooling cycles. The film implanted at a fluence of 3× 1016 ions/cm2 shows the
large thermal hysteresis during heating and cooling cycles due to the generation of struc-
tural defects in crystalline Ni–Ti matrix after the ion implantation. Significant improvement
inmechanical properties is achieved in the film implanted at a fluence of 9× 1015 ions/cm2.
Improved properties of Ni–Ti films pave the way for future MEMS application.
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Abstract
In the present study, thin films of Ni–Ti shape memory alloy have been grown on Si substrate by dc magnetron co-sputtering 
technique using separate sputter targets Ni and Ti. The prepared thin films have been irradiated by 100 MeV  Ag7+ ions at 
three different fluences, which are 1 × 1012, 5 × 1012, and 1 × 1013 ions/cm2. The elemental composition and depth profile of 
pristine film have been investigated by Rutherford backscattering spectrometry. The changes in crystal orientation, surface 
morphology, and mechanical properties of Ni–Ti thin films before and after irradiation have been studied by X-ray diffrac-
tion, atomic force microscopy, field-emission scanning electron microscopy, and nanoindentation techniques, respectively. 
X-ray diffraction measurement has revealed the existence of both austenite and martensite phases in pristine film and the 
formation of precipitate on the surface of the film after irradiation at an optimized fluence of 1 × 1013 ions/cm2. Nanoindenta-
tion measurement has revealed improvement in mechanical properties of Ni–Ti thin films after ion irradiation via increasing 
hardness and Young modulus due to the formation of precipitate and ductile phase. The improvement in mechanical behavior 
could be explained in terms of precipitation hardening and structural change of Ni–Ti thin film after irradiation by Swift 
heavy ion irradiation.

1 Introduction

The shape memory behavior and superelasticity of Ni–Ti 
make it a promising material for micro-electro-mechanical 
system (MEMS) and biomedical applications [1, 2]. These 
unique properties are mainly due to the reversible phase 
transformations between low-temperature martensite and 
high-temperature austenite crystal structures, which can 
be achieved by variation in temperature and applied load 
[3, 4]. Nowadays, shape memory behavior of Ni–Ti alloy 
is commercially used for different applications such as cou-
pling, sensors, actuators, and cellular phones antennas [5, 6]. 
Recently, Ni–Ti has attracted wide interest as a biomaterial, 
due to shape recovery behavior after deformation beyond 
its elastic limit either by heating or by removing the applied 
load [7].

In the form of thin film, Ni–Ti shape memory alloy 
(SMA) have received significant interest of the scientific 

community due to their excellent properties for MEMS 
applications, such as high power density, high power-to-
weight ratio, outstanding chemical resistance, pseudoelas-
ticity (or superelasticity), and excellent biocompatibility 
[2, 8–10]. The work output per unit volume of SMA thin 
film is quite large in comparison to other micro-actuation 
mechanisms. Phase transformation in Ni–Ti SMA thin film 
is accompanied by significant changes in physical, electri-
cal, chemical, and mechanical properties, such as shape 
recovery, thermal expansion coefficient, surface roughness, 
electrical resistivity, dielectric constant, yield stress, Young 
modulus, hardness, and damping [11, 12]. These changes 
can be fully utilized in design and fabrication of pumps and 
grippers for MEMS. Hence, it is essential to explore the 
mechanical properties of the SMA films.

Numerous attempts have been made to enhance the prop-
erties of Ni–Ti through different surface modification tech-
niques, such as gas nitriding [13], ion nitriding [14], heat 
oxidation [15], laser surface melting [16], and ion irradiation 
[17–19]. The critical challenge for ion or gas nitriding is the 
formation of the non-superelastic  Ti2Ni layer that limits its 
application in dentistry as reported by several authors [20, 
21]. However, equilibrium precipitate phase of nickel and 
titanium  Ni3X,  Ni2X,  Ni4X3, TiX,  Ti3X4, and  TiX2 (where 

 * Veeresh Kumar 
 vks8361@gmail.com

1 Department of Physics, Malaviya National Institute 
of Technology Jaipur, JLN Marg, Malviya Nagar, 
Jaipur 302017, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-018-1746-7&domain=pdf


 V. Kumar, R. Singhal 

1 3

 328  Page 2 of 10

X = Si, Ti, Sn, Al, V, Nb) are potential stable phases which 
contribute to enhancing the mechanical strength of Ni–Ti 
SMA [22]. Swift heavy ion (SHI) irradiation has unique 
capabilities for modification of surface layers on metals and 
alloys including their crystal structure, chemical composi-
tion, and physical and mechanical properties. SHI-induced 
damaging effects can benefit the shape memorial behavior 
and bias the shape recovery if the detrimental effects are 
more controlled [23]. It is reported that mechanical proper-
ties of the materials strongly depend upon the precipitation, 
defect density and grain refinement, which significantly 
increases the resistance of materials against plastic defor-
mation. However, these treatments reduce the martensite 
transformation temperature by changing the internal stress 
and surface composition of the matrix [19, 24].

There are various studies of the effect of precipitation on 
structural, mechanical, and phase transformation behavior 
of SMAs. Nunomura et al. have thoroughly investigated the 
phase relation and microstructure of pseudo-ternary alloy 
based on  Ni3Ti,  Ni3Nb, and  Ni3Al [25]. The effect of anneal-
ing temperature on microstructure and mechanical properties 
of intermetallic Ni enriched NiTi films is reported by Reddy 
et al. [26]. They have observed the higher values of hardness 
due to the nucleation, growth process of grains, and segre-
gation of  Ni3Ti precipitation phase at the higher annealing 
temperature. Recently, the influence of  Ti2Cu precipitate in 
NiTiCu-based ultralow-fatigue SMA films has been reported 
by Chluba et al. for 10 million transformation cycles for 
artificial heart valve or elastocaloric cooling [27]. Zu et al. 
have investigated the effect of 1.7 MeV electron irradia-
tion on martensite phase transformation of NiTi alloy. The 
martensite temperature decreases with irradiation fluence 
due to relaxation of elastic stress around the  Ni4Ti3 precipi-
tate phase [17]. In addition, Ishida et al. have reported that 
Ni-51 at. pct and Ti-49 at. pct thin films exhibit the stable 
super elasticity and excellent shape memory effect [28]. In 
bulk NiTi alloy, the higher composition of Ni (55 to 60 at. 
pct) shows excellent properties such as high yield strength, 
non-magnetization, and high corrosion resistance at promi-
nent temperature [29]. Moreover, formation of  Ni4Ti3 and 
 Ni3Ti phases in NiTi alloy makes them chemically and struc-
turally stable at higher annealing temperature [30]. Afzal 
et al. have studied the microstructure and mechanical behav-
ior of 2 MeV proton beam irradiated Ni-rich-nitinol alloy 
[18]. The effect of different types of perturbations such as 
the electron, proton, and ion irradiation on microstructure, 
phase transformation, and mechanical properties have been 
reported in the literature [17, 18, 31], The purpose of the 
present study is improved the mechanical behavior of Ni–Ti 
films by Ag ion irradiation. The Ni composition (55 to 60 at.
pct) is the best range to increase the mechanical behavior 
of alloy with higher mechanical strength and ductility [29]. 
The Ni-rich Ni–Ti films also undergo two-stage austenite 

to martensite phase via R-phase transformation because of 
the formation of the  Ti3Ni4 precipitates [32]. Moreover, it is 
reported that Ni-rich composition of the Ni–Ti films exhibits 
stable superelasticity effect in addition to an excellent shape 
memory behavior [28]. Therefore, investigations on surface 
characteristic and mechanical behavior of 56.7 at.%Ni thin 
films, irradiated by SHI irradiation are not adequate and 
need to be explored in detail.

In the present study, we have used an innovative material 
modification technique namely SHI irradiation to engineer 
the surface structure and mechanical properties of Ni–Ti 
thin films [33]. The effect of energetic ions on material 
depends on the electronic energy, ion fluence, ion species, 
and temperature. It is well known that the energy loss of 
incident ions play a major role in the material modification 
that leads to the formation of lattice defects and excitation/
ionization [33–35]. If  Se exceeds a threshold value 46 keV/
nm, then there will be formation of track or amorphization 
of Ni–Ti bulk alloy, whereas if Se = 32 keV/nm, no indi-
vidual tracks formation can be observed at low fluence, only 
the monoclinic phase to cubic austenite phase transforma-
tion is observed at high fluences [36]. If Se ≤ 17 keV/ nm, 
swift heavy ions are unable to induce any visible structural 
modifications in Ni–Ti bulk alloy by electronic excitations 
[36]. Silver (Ag) is a potential metallic element to enhance 
the properties of SMA due to its exceptional mechanical 
properties of high strength, excellent thermal-driven ability, 
high mechanical damping and good superelasticity, etc. [3, 
37–39]. Therefore, Ag ions with 120 MeV energy are used 
to observe the modification in Ni–Ti thin films. The value of 
Se for Ag ions is 25 keV/nm, which is a moderate value, and 
therefore, it is enabled to modifications in Ni–Ti thin films. 
The Ni–Ti thin films irradiated at three optimized fluence of 
1 × 1012, 5 × 1012 and 1 × 1013 ions/cm2 to observe structural 
and mechanical modifications.

The primary objective of the present study is to deposit 
the films with two different phases, ordered austenite and 
low-symmetry allotrope martensite phase with the higher 
composition of Ni. The films are irradiated at three different 
fluences by using SHI irradiation to promote the growth of 
hard  Ni3Ti precipitate which would enhance the mechanical 
behavior of Ni–Ti thin films. The results presented here to 
bring forth the understanding of the strengthening mecha-
nisms and deformation behavior of Ni–Ti films by SHI irra-
diation. This study is also essential to investigate the effects 
of SHI irradiation on the shape memory alloy for future 
application of these materials in harsh radiation zones such 
as space or nuclear reactor. Figure 1 shows the schematic 
diagram of ion–solid interaction. A previous study on Ni–Ti 
thin films with composition (Ti-56.7 at.%Ni) has been done 
by the same author using 120 MeV Au ions irradiation to 
investigate the critical value of fluence and acceptable radia-
tion limit for this composition [40]. Furthermore, the present 
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study has been performed to investigate the effect of SHI 
irradiation on structural and mechanical properties.

2  Experimental details

In the present study, we have deposited Ni–Ti thin film on 
2-inch diameter Si (100) substrate (Matsurf Tech. Inc, USA) 
and after films deposition; substrate was divided into several 
1 × 1 cm2 small pieces for irradiation. The dimension of each 
film during the irradiation was 1 × 1 cm2 in the irradiation 
chamber. Raster scanning (1 × 1 cm2) of ion beam was done 
over the surface during irradiation to cover the complete area 
of the film. The Si wafer was attached to the substrate holder 
with the help of clips and rotated (60 rpm) in the horizontal 
plane of targets during deposition to achieve the uniform 
films growth. Before deposition, the Si substrate was first 
cleaned in a mixture of Trichloroethylene and distilled water 
(1:4) ratio in an ultrasonic bath and then washed with boiled 
acetone. High-purity Ti (99.9%) and Ni (99.9%) metal tar-
gets of 3 mm thick and 50 mm diameter (Neyco supplier, 
France) were used for deposition. The vacuum chamber was 
repeatedly flushed with argon gas for 10 min to minimize the 
possible contamination. Before deposition, a base pressure 
of 2 × 10 −7 torr was achieved inside the vacuum chamber 
using a turbo molecular pump, while, during deposition, the 
pressure was kept at 3 × 10 −3 torr using a dynamic throttling 
valve. The deposition was performed for 1 h 40 min using 
two different powers: 50 W for Ni and 100 W for Ti tar-
get respectively. All Ni–Ti thin films have been prepared in 
argon (~ 99.9%) atmosphere at 550 °C by an AJA Int. make 
ATC Orion-8 series sputtering system. The substrate holder 
to target distance was fixed about 16 cm.

The prepared Ni–Ti films were irradiated by 100 MeV 
 Ag7+ ion beam at Inter University Accelerator Centre 

(IUAC), New Delhi, at room temperature using 15 UD 
Pelletron Tandem accelerator facility. During irradia-
tion, a high vacuum of the order of ~ 6 × 10 −7 torr was 
maintained inside the irradiation chamber. The values of 
nuclear energy loss (Sn) and electronic energy loss (Se) 
were calculated by SRIM 2008 code [41] and found to 
be 0.01 × 103, 2.5 × 103 eV/Å, respectively. Moreover, the 
range of 100 MeV Ag ions in Ni–Ti films (density 6.14 g/
cm3) was also calculated by SRIM 2008 code and deter-
mined as 8.23 µm. The modifications in Ni–Ti films can 
be understood by Se and Sn. When the SHI interact with 
the target of Ni–Ti film, it loses their energy into mate-
rial by two different ways; (a) direct transfer of energy to 
target lattice by elastic collision, term is known as nuclear 
energy loss (Sn) and (b) transfer of energy of the inci-
dent ions to electrons of target atoms, term is called elec-
tronic energy loss (Se). In high-energy regime (≈ MeV/u), 
energy transfer by incident ions causes the displacement 
of atoms in cylindrical zones around the ion path in the 
target material. In the present study, the calculated value 
of Se is too high than that of Sn; that’s why Se dominates 
over Sn; therefore, modifications are mainly attributed 
due to Se effect. The ion beam was scanned over an area 
of 1 × 1 cm2 to achieve the uniform irradiation of Ni–Ti 
films and the beam current was kept constant at ~ 2 pnA 
(particle nanoampere).

The composition and thickness of the pristine film 
were measured by Rutherford backscattering spectrom-
etry (RBS) technique. The crystal structure of the pristine 
and irradiated Ni–Ti thin films has been studied by X-ray 
diffractometer (Bruker D8 Advance). The XRD measure-
ment is performed at an incident angle of 1° with Cu-Kα1 
radiation source of wavelength 1.54 Å in Bragg–Brentano 
(θ/2θ) geometry at a scan rate of 0.6°/min at UGC-DAE-
CSR Indore. Furthermore, the surface morphology of the 
films was investigated by AFM (Bruker Nanoscope V sys-
tem) with a  Si3N4 cantilever in tapping mode and field-
emission scanning electron microscope (FESEM) with 
(Model:-TESCAN, MIRA II LMH) at IUAC, New Delhi.

The mechanical properties of pristine and irradiated 
Ni–Ti thin films have been investigated using the nanoin-
dentation tester equipped (CSM Instruments) with a dia-
mond Berkovich-type indenter tip. The test was performed 
in air at room temperature at different positions on films 
surface, and average hardness and Young modulus were 
calculated. Three nanoindentation tests are performed on 
pristine and irradiated films at different locations to calcu-
late the average hardness and Young modulus values. Each 
indenter test consisted of 8-s linear load segment to a peak 
load, 10-s holding, and an 8-s linear unloading segments. 
The hold periods are used to reduce the time-dependent 
effects (creep effects) generate in the specimen.

Fig. 1  Schematics diagram for ion–solid interaction for SHI
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3  Results and discussion

3.1  Rutherford backscattering spectrometry

RBS is a non-destructive technique and capable to determin-
ing both elemental composition and depth of a thin layer. 
Figure 2 shows simulated RBS spectrum along with depth 
profile of pristine Ni–Ti film deposited at 550 °C. The ele-
mental stoichiometry and film thickness was estimated using 
the SIMNRA simulation of RBS data [42]. The composition 
of Ni and Ti present in the film was determined by  He2+ 
ions with a beam of 2 MeV energy and at normal incidence 
with the detector positioned at 165° scattering angle. The 
calculated near surface concentration of Ti was found to be 
~ 43.3 at% and Ni concentration was found to be ~ 56.7 at%. 
The thickness of the pristine film was found to be ~ 270 nm. 
The elemental composition versus depth profile for Ni and Ti 
is shown in Fig. 2b and it is showing the uniform distribution 
of Ni and Ti content through the film thickness.

3.2  Structural properties

3.2.1  X‑ray diffraction

Figure 3 shows the room temperature XRD pattern of the 
pristine and irradiated Ni–Ti thin films at different fluences 
in the 2θ range of 35°–54°. The XRD pattern of pristine film 
deposited at 550 °C exhibits three phases: martensite (mono-
clinic; JCPDS file no. 77-2170), austenite (cubic; JCPDS file 
no. 65-5537), and the small amount of  Ni3Ti phase (hexago-
nal; JCPD file no. 65-2038). In addition to substrate peaks, 
XRD pattern of the pristine film shows the strong austenite 
peak at 2θ = 42.5˚corresponding to (110) fundamental reflec-
tion, martensite peak at 2θ = 43.9° corresponding to (002) 
fundamental reflection, and a small amount of Ni enriched 
buried  Ni3Ti precipitate peak at 2θ = 43.5° corresponding to 
(004) plane, respectively. Two other peaks observed in pris-
tine films at 46° and 47.7° are corresponding to oxidized Si 
substrate [40]. During the cleaning process, solvent (boiled 

Acetone) may be left its residues in some cases which can 
affect the surface of Si [43]. After cleaning, the residues of 
Acetone may reside on the surface of the substrate, which 
could directly affect the oxygen concentration at the sur-
face and responsible for the intensity variation of the peaks. 
The film irradiated at a fluence of 1 × 1012 ions/cm2 shows 
decrease in intensity of both phases due to the phase trans-
formation from austenite (110) and martensite (002) phase 
into  Ni3Ti phase on Ag ion bombardment. Furthermore, the 
film irradiated at a fluence of 5 × 1012 ions/cm2 shows the 
dominance of  Ni3Ti phase with concurrent decrease in the 
intensity of austenite phase. The film irradiated at (5 × 1012 
ions /cm2) fluence shows the ordering of  Ni3Ti phase, 
which corresponds to hexagonal crystal structure of films. 
It is observed that film irradiated at this fluence releases 
strain energy which is primarily responsible for the order-
ing of (004) plane, because (004) plane of Ni–Ti possesses 
the minimum surface energy in accordance of basic crystal 
growth theory [44]. Furthermore, the film irradiated at a 
higher fluence of 1 × 1013 ions/cm2 shows the dominance 
of  Ni3Ti phase and partial amorphization of austenite and 

Fig. 2  RBS spectra (2 MeV 
 He2+) along with SIMNRA 
simulation (a) and depth profile 
(b) of Ni–Ti pristine film depos-
ited at 550 °C

Fig. 3  XRD spectra of pristine and 100 MeV  Ag7+ ion irradiated Ni–
Ti thin films at different fluences
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martensite phase. The decrease in intensity of austenite and 
martensite phase depends upon the amount of energy depos-
ited in Ni–Ti films by the  Ag7+ ions. When the SHI irradia-
tion passes through the Ni–Ti film, it causes ionization and 
excitation of Ni–Ti atoms, which leads to the modifications 
in properties such as structure and phase. Such electronic 
excitations can also cause local heating followed by a rapid 
quenching (thermal spikes) which subsequently produces 
lattice distortions. These lattice distortions are so drastic and 
they relax into an amorphous state [31]. The modifications 
in materials structure or phases depend upon irradiation con-
dition such as ion fluence, irradiation temperature, and the 
nature of ions as reported by several authors [3, 44]. The 
precipitation of phases and recrystallization of monoclinic 
into cubic phase by 2 MeV proton beam irradiation has also 
been observed by Afzal et al. [18] in Ni–Ti alloy at room 
temperature. The irradiation of Nitinol by proton beam pro-
duces small displacement cascade and thus generates vacan-
cies, interstitials, or precipitates. Irradiation-induced defects 
in the material increase the shear movement of atoms and 
lead to increase in anti-phase boundary which decreases the 
martensite transformation.

3.2.2  Atomic force microscopy

The surface morphology (grain size and roughness) of pris-
tine and  Ag7+ irradiated Ni–Ti thin films at different fluences 

ranging from 1 × 1012 to 1 × 1013 ions/cm2 is studied with 
AFM in tapping mode. Figure 4a–d shows two-dimensional 
AFM micrographs of pristine and irradiated Ni–Ti thin films 
at scan area of 1 µm2. AFM micrograph of the pristine film 
(Fig. 4a) shows the very fine and dense grains of Ni–Ti with 
well-defined boundary. The film irradiated at a fluence of 
1 × 1012 ions/cm2 shows the change in surface morphology 
with fluence. Moreover, grains are non-uniformly distrib-
uted over the film surface due to electronic energy bombard-
ment on Ni–Ti film. The modification of film surface can be 
understood on the reference of electronic energy deposited 
into the Ni–Ti thin film. When SHI pass through the Ni–Ti 
film, it loses its energy into the material followed by ioniza-
tion and excitation of the atoms. Electronic energy deposited 
by SHI irradiation beyond a certain threshold (Se ~ 32 keV/
nm for Ni–Ti) can cause the significant movement of the 
atoms resulting into change in the crystal structure and sur-
face roughness [36]. Furthermore, it is found that irradiation 
at higher fluence of 1 × 1013 ions/cm2 decreases the grain 
size and promotes the agglomeration of the grains. The 
agglomeration of the grains is attributed to multiply ions 
impact turning on Ni–Ti film by SHI irradiation [45].

The average roughness (Ravg) and root-mean-square sur-
face roughness (Rrms) of the pristine and irradiated Ni–Ti 
films are obtained from the AFM images of 1 µm × 1 µm 
scan area of films surface, three times at different posi-
tion for each film, and it has been taken as an average 

Fig. 4  AFM 2 D surface micro-
graphs of pristine and 100 MeV 
 Ag7+ ion irradiated Ni–Ti films 
at different fluences over a scan 
area of 1 × 1 µm2
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roughness estimated from AFM micrograph. The Ravg and 
Rrms are defined by the following equations [46]:

where Z is mean height distance and N is the number of 
surface height data. The Ravg and Rrms of the pristine and 
irradiated films are observed to increase with increasing 
the ion fluences. This could be due to agglomeration of 
grains and  Ni3Ti precipitate formation at higher fluences. 
The Ravg value of the pristine film is ~ 2.06 nm and for the 
films irradiated at different fluences found to be ~ 2.82, 
~ 3.73 and ~ 4.10 nm, respectively. The Rrms values found 
to be ~ 1.61 nm for the pristine film and ~ 2.32, ~ 3.02, and 
~ 3.35 nm for the films irradiated at three different fluences 
respectively. AFM results indicate that the surface morphol-
ogy of the Ni–Ti films strongly depends upon the ion flu-
ences, as shown in Fig. 5.

In the present study, the Ni–Ti films with same thick-
ness are irradiated using different fluences. Different flu-
ences have different effects on the surface of the grown 
films such as clustering of grains and formation of cra-
ters, etc. [47]. The surface morphology is changed with 
fluences with the simultaneous change in the Z-height of 
the sample. The Z-height of the sample depends upon the 
arrangement of grains and roughness of the films. The var-
iation in roughness value of film also changes the Z-height 
of the film. In the present study, the Z- height of the four 
samples is different due to the difference in roughness val-
ues of the films.

Ravg =

[
1

N

N∑

i=1

|Z
i
− Z|

]
,

Rrms =

[
1

N

N∑

i=1

|Z
i
− Z|2

]1∕2

,

3.2.3  Field‑emission scanning electron microscopy

Apart from AFM, the surface morphology of pristine and 
irradiated Ni–Ti thin films is also investigated by FESEM. 
Figure 6a–d shows the FESEM images of pristine and  Ag7+ 
irradiated Ni–Ti thin film at different fluences ranging from 
1 × 1012 to 1 × 1013 ions/cm2. The FESEM micrographs have 
confirmed the change in surface morphology of Ni–Ti films 
with ion irradiation at different fluences. Figure 6a shows 
the dense granular morphology with nearly same granule 
sized in the pristine film deposited at 550 °C. In Fig. 6b, 
FESEM image of the irradiated film at a fluence of 1 × 1012 
shows that the density of granular size grains decreases as 
fluence increases. These SHI-induced structural modifica-
tions are also supported by AFM analysis. Furthermore, the 
film irradiated at fluence of 5 × 1012 ions/cm2 shows the dif-
fused grains morphology of the film; however, it is possible 
to observe the boundary of grains. The grains of the films 
are seemed to be agglomerated at this fluence. With further 
increase in the fluence (1 × 1013 ions/cm2), the granular mor-
phology of film is completely disappeared and it becomes 
difficult to observe the boundary of grains. The agglomera-
tion of the grains can be ascribed to the electronic energy 
deposited by the incoming ions in Ni–Ti regime [48, 49]. 
The surface features of the pristine and the films irradiated 
at different fluences of Ag ions have no evident defaults such 
as cracks and holes etc.

3.3  Nanoindentation

The change in crystal structure in nm-sized crystallites by 
SHI irradiation may play an important role to enhance the 
mechanical properties of nanocrystalline materials. Materi-
als under the lattice contraction resist the large force, thus, 
decreasing the penetration depth of indentation and inhibit-
ing the crack propagation [50]. This phenomenon leads to 
increase in toughness and hardness of materials; however, 
lattice expansion leads to opposite phenomena.  Ni3Ti pre-
cipitate increases the mechanical strength by promoting the 
interaction between grain boundaries and dislocation which 
subsequently increase the average hardness and Young mod-
ulus values.

The CSM nanoindentation has been used to characterize 
the mechanical properties of pristine and irradiated Ni–Ti 
films. Figure 7 shows the load versus displacement curves 
of pristine and the films irradiated at different fluences of 
100 MeV  Ag7+ ions. These curves are used to calculate 
the fundamental mechanical properties such as hardness 
(H), Young modulus (Eeff), and plastic resistance param-
eter (H/Eeff), etc. All results obtained by nanoindentation 
are analyzed using the Oliver and Pharr method [51] and 
listed in Table 1. The load–displacement curves (Fig. 7) 
show that the behavior of each film is consistent from test Fig. 5  Variation of Ravg and Rrms with different ion fluences
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to test, indicating the homogeneous surface of the films 
over the area tested. The Eeff is a significant parameter of 
materials related to stiffness: the larger the value of Eeff, 
the stiffer the material. Furthermore, the H/Eeff is also an 
important parameter to differentiate in elastic and elas-
tic–plastic nature of the materials. The higher value of 
H/Eeff shows higher elastic nature of material or higher 
resistance to plastic deformation, while the lower value 
of H/Eeff corresponds to its elastic–plastic behavior [52].

The Young modulus is calculated using the following 
relation:

where S is unloading stiffness at maximum load ( S =
dP

dh
 ) 

and A is the projected contact area. The Young modulus 
of the material is related to the modulus of elasticity by the 
following relation:

Eeff =

√
�

2

S
√
A

,

Fig. 6  FESEM images of 
pristine and 100 MeV  Ag7+ ion 
irradiated Ni–Ti films at differ-
ent fluences

Fig. 7  Load versus depth profile of pristine and 100 MeV  Ag7+ ion 
irradiated Ni–Ti films at different fluences
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where subscript i represents the indenter material, subscript 
s corresponds to sample material, and ν is the Poisson’s 
ratio. The hardness (H) of the deposited material is calcu-
lated by the following equation:

where Pmax is the maximum indenter load and A is the 
projected contact area at that load. Figure 8a, b shows the 
variation of hardness and Young modulus values for pristine 
and for the film irradiated at different fluences ranging from 
1 × 1012 to 1 × 1013 ions/cm2. From the figure, it depicts that 
hardness of Ni–Ti films is increase with the increase in ion 
fluence and the film irradiated at a fluence of 1 × 1013 ions/
cm2 shows the higher hardness value. The improvement in 
hardness of Ni–Ti films at different fluences is attributed to 
the formation of lattice disorder and the associated change 
in crystal structure. It is also reported that hardness of the 

1

Eeff

=
(1 − v

2
i
)

Ei

+
(1 − v2

s
)

ES

,

H =
Pmax

A
,

metallic thin films increases vividly when the thickness of 
the deposited material falls below ~ 300 nm; and the hall 
Petch relation, obeyed by thin films, is also dependent on 
film thickness [53]. The formation of defects such as precipi-
tation, dislocation, and irradiation-induced phase in material 
up to a certain limit contributes to increasing the resistivity 
and barrier strength. However, these treatments suppress 
the martensite transformation temperature by changing the 
internal stress and chemical composition of the Ni–Ti matrix 
[19, 54]. The hardness of pristine film is 11.62 ± 1.07 GPa 
and for the films irradiated at different fluences is found to 
be 12.81 ± 1.18, 13.58 ± 0.27, and 16.12 ± 1.64 GPa, respec-
tively, as reported in Table 1. The Young modulus of the 
pristine film is 172.62 ± 1.04 GPa and for the films irradi-
ated at different fluences are 171.83 ± 3.32, 181.81 ± 1.61, 
and 176.93 ± 1.96 GPa, respectively. The H/Eeff ratio is an 
important parameter to measure the material elastic and elas-
tic–plastic behaviors. The higher value of H/Eeff ratio shows 
the excellent wear resistance and better films quality, while 
a lower value of H/Eeff reveals the large fraction of work is 
consumed in plastic deformation, and large strain energy 
is required while contacting a material [22]. A higher (H/

Table 1  Comparison of hardness and Young modulus values of pristine and irradiated Ni–Ti thin films

Fluence (ions/cm2) Hardness H 
(GPa)

Young modulus 
Eeff (GPa)

H/Eeff Average H (GPa) Average Eeff (GPa) Average (H/Eeff)

Pristine 11.11 172.5 0.064 11.62 ± 1.07 172.62 ± 1.04 0.067 ± 0.005
12.86 173.73 0.074
10.89 171.65 0.063

1 × 1012 11.47 171.36 0.066 12.81 ± 1.18 171.83 ± 3.32 0.074 ± 0.007
13.71 168.77 0.081
13.24 175.37 0.075

5 × 1012 13.89 183.37 0.075 13.58 ± 0.27 181.81 ± 1.61 0.074 ± 0.001
13.48 180.15 0.074
13.38 181.93 0.073

1 × 1013 14.89 176.94 0.084 16.12 ± 1.64 176.93 ± 1.96 0.090 ± 0.008
17.99 178.90 0.100
15.48 174.97 0.88

Fig. 8  Variation of hardness (a) 
and elastic modulus (b) of pris-
tine and irradiated Ni–Ti films 
at different fluences of 100 MeV 
 Ag7+ ions
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Eeff) value (0.090 ± 0.008) is obtained for the film irradiated 
at a fluence 1 × 1013 ions /cm2. The higher value of H/Eeff 
shows the better wear resistance and small strain energy for 
deformation.

Figure 9 shows the variation of electronic (Se) and 
nuclear stopping (Sn) power versus energy for 100 MeV 
 Ag7+ ions calculated by SRIM program in Ni–Ti matrix. 
The strength of interaction between incident ions and 
target atom depends on charge, mass, and energy of the 
incident ions. The energy deposited by bombardment of 
ions can modify the structural and phase transformation 
properties of films. The electronic excitation and ioniza-
tion of materials by SHI irradiation causes the significant 
displacement of atoms. When energetic ions pass through 
the Ni–Ti films, loses their energy via two independent 
processes; (a) nuclear stopping (Sn) loss: incident ions 
transfer energy to the target lattice by elastic collision 
and cause significant atomic displacements, which fur-
ther results in creation of Frenkel defects (vacancies or 
interstitial), (b) electronic stopping (Se) loss: incident ions 
transfer energy to the electrons of target atoms by inelas-
tic collision known as electronic stopping loss. In the 
high-energy region (energy range of the order of ~ MeV), 
electronic stopping dominates over nuclear stopping and 
modifications are mainly due to the electronic stopping. 
In the present study, Ag ions are chosen due to its higher 
mass and energy regime. Figure 10 shows the variation 
of Se and Sn with projected depth of ~ 800 nm at 100 MeV 
for  Ag7+ ions, which is much larger than ~ 270 nm, and 
the film thickness of Ni–Ti films. Therefore, the effect 
of electronic stopping power on structural and mechani-
cal properties of Ni–Ti films is anticipated to be uniform 
irradiation.

4  Conclusions

In the present study, effects of 100 MeV  Ag7+ ion irradia-
tion on structural, morphology, and mechanical behavior 
of Ni–Ti thin films have been investigated. XRD meas-
urement reveals the change in crystal structure after irra-
diation and formation of buried  Ni3Ti precipitate phases 
at a fluence of 1 × 1013 ions/cm2. XRD measurement also 
evidences that irradiation of Ni–Ti film at a higher fluence 
suppresses the austenite and martensite phase by introduc-
ing an intermediate  Ni3Ti precipitation phase. AFM and 
FESEM measurements show the change in surface mor-
phology with fluence. The Ni–Ti films surface roughness 
increases with increase in ion fluence, which may be due to 
the ion irradiation-induced sputtering effects as confirmed 
by AFM. Nanoindentation measurement reveals that hard-
ness and Young modulus of Ni–Ti thin films are improved 
as the ion fluences increases. The obtained results demon-
strate that the ion irradiation of Ni–Ti films by 100 MeV 
 Ag7+ ions leads to the formation of nickel enrich hard pre-
cipitate phase. Formation of precipitation phase reduces 
Ni concentration in the surface which contributes to poten-
tial mechanical applications.
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Fig. 9  SRIM simulation of nuclear (Sn) and electronic stopping (Se) 
power versus energy for  Ag7+ ions in Ni–Ti matrix

Fig. 10  SRIM simulation, the variation of electronic (Se), and nuclear 
energy (Sn) loss of 100  MeV  Ag7+ ions with thickness in Ni–Ti 
matrix
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A B S T R A C T

In the present investigation, nanocrystalline thin films of NiTi are grown on Si substrate by dc-magnetron co-
sputtering using Ni and Ti sputtering targets. These as- grown NiTi thin films are irradiated by 90MeV Ni ions
with fluences 1× 1012, 3× 1012, 9×1012 and 1× 1013 ions/cm2, respectively. The elemental composition and
depth profile of the pristine film are analyzed by Rutherford backscattering spectrometry. Further, structural,
surface morphology and mechanical properties of these films are investigated by X-ray diffraction (XRD), atomic
force microscopy (AFM) and nanoindentation techniques, respectively. X-ray diffraction result shows the pre-
sence of both austenite and martensite phases in the pristine film with the preferred growth of (110) orientation.
The crystallite size is decreased with increase in the ion fluence as compared to pristine film. The AFM images
confirm the variation in surface roughness values with the change in the incident ion fluence. The na-
noindentation investigation has revealed the enhancement in the mechanical behavior of the NiTi films with ion
fluences. The irradiated NiTi film at a fluence of 3×1012 ions/cm2 exhibits higher hardness, elastic modulus
and depth recovery ratio and therefore better wear-resistance as compared to other films. This result of na-
noindentation indicates the higher ductility of NiTi film in comparison of pristine film and their applicability for
Micro-electromechanically system applications (MEMS).

1. Introduction

In the present scenario, the demand for micromachines has in-
creased significantly in various fields such as biomedical, aerospace,
biotechnology, industries and various micro-electro-mechanical sys-
tems (MEMS) applications [1–3]. Thin films of NiTi have attracted
significant research interest due to their excellent biocompatibility and
mechanical properties. It is reported that NiTi thin films exhibit su-
perelasticity and shape memory effect that are comparable to the bulk
counterpart [4]. The physical origins of these two effects are due to the
martensitic transformation between high symmetrical austenite (B2)
and low symmetrical or stress-induced martensite phases (B19′). The
appropriate level of biocompatibility and high work output per unit
volume of NiTi SMA make it suitable for MEMS-based biomedical and
micro-actuators devices fabrication [5–7].

The growth of high purity, quality and stoichiometry NiTi thin film
and modification of their properties under swift heavy ion (SHI) irra-
diation are of immense technological importance for MEMS applica-
tions [8,9]. The SHI irradiation technique has attracted the attention of
research community for tuning the materials properties, which would
be a rapid advancement in the field of materials science [10,11]. At

present scenario, ion beam technology is a versatile technology for the
development of miniaturized devices which require basic and funda-
mental understanding about the interaction between ions and matter
[12–14]. The deposition of localized energy density into a specified
volume is the main advantage of SHI irradiation over thermal equili-
brium process [15]. Furthermore, the study of the interaction between
ions and matter establishes an interdisciplinary connection between
condensed and atomic physics.

As the beam of energetic ions passes through the material, it loses its
energy into the material and significantly modifies the material prop-
erties. The modifications in material properties depend upon the energy
deposited into the material by swift heavy ions; therefore a desired
modification in material property could be achieved by choosing the
particular beam and fluence, which is not possible by using any other
technique [16,17]. The effects of different types of perturbations such
as electron, proton, and ion irradiation on microstructure, phase
transformation behavior and mechanical properties of bulk NiTi alloy
have been reported in literature [18–20], But the investigation of sur-
face characteristic and mechanical behavior of NiTi thin films irra-
diated with 90MeV Ni ion irradiation are not adequate and needs to be
investigated in detail.
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In the present experiment the effect of SHI irradiation on the
structural, topographical and mechanical property of NiTi thin films
have been investigated. The SHI irradiation has demonstrated the en-
hancement of the various properties of nanocrystalline NiTi thin films
up to certain fluences and decrements in the properties above that
fluence. The variations in structural and mechanical properties at
higher fluence are attributed to the grain boundary sliding by imparted
of the SHI irradiation on the NiTi thin film, which is explained in detail.
This study is also important to use NiTi SMA in a harsh space en-
vironment, as in the case of the device designed; the superior tribolo-
gical and mechanical properties are required [21].

2. Experimental details

In present study, all the thin films of intermetallic NiTi alloy have
been deposited by dc-magnetron co-sputtering technique on Si sub-
strate in one deposition. The two separate high purity Ni (99.99%) and
Ti (99.99%) targets (Neyco supplier, France) of 3mm thick and 2-inch
diameter have been used for films deposition. A base pressure of 2×10
−7 torr has been achieved before deposition inside the vacuum chamber
by using a rotary and turbo molecular pumps. The deposition has been
performed under a pressure of 3× 10 −3 torr using a dynamic throt-
tling valve. Before films deposition, the Si substrate has been cleaned in
a mixture of Trichloroethylene and di-water in an ultrasonic bath and
then cleaned with the boiled acetone. Further, the films deposition has
been performed for 1 h 40min by two different powers; 100W for Ti
and 50W for Ni targets, respectively. The deposition of the films has
been carried out in argon (∼99.9%) atmosphere at the substrate tem-
perature of 550 °C by an AJA Int. make ATC Orion-8 series sputtering
system. After deposition, all the deposited thin films have been natu-
rally cooled to room temperature by water cooling arrangement inbuilt
to the sputtering system. The distance between the substrate and target
holder is kept ∼16 cm to get the uniform deposition.

The prepared NiTi thin films have been irradiated at Inter-
University Accelerator Centre (IUAC), New Delhi at the room tem-
perature with 90MeV Ni ions at different fluences of 1×1012,
3× 1012, 9× 1012 and 1×1013 ions/cm2 by 15 UD Tandem
Accelerator. During irradiation, a high vacuum (6× 10−7 torr) is
maintained inside the irradiation chamber. The ion beam is focussed on
the spot size 1× 1 cm2 over the film area using a magnetic scanner
(raster scanning 1×1 cm2). During the irradiation experiment, the
beam current is kept ∼2 pnA (particle nanoampere) and the charge
state of the Ni ion is found 7+. The final energy of the ions coming out
of the accelerator after the switching magnet can be calculated by fol-
lowing equation;

= + +E E q V[ (1 ) ]deck T

where q is the charge state of ions after stripping, VT is terminal po-
tential in MV, and Edeck is the deck potential of MC-SNICS source. The
electronic energy (Se) and nuclear energy loss (Sn) have been calculated
by the SRIM-2008 code and found to be 1.7× 103 eV/Å,
0.003× 103 eV/Å, correspondingly [22]. Furthermore, the range of
90MeV Ni ions beam has also been calculated by SRIM 2008 computer
code in NiTi matrix (density= 7.013 gm/cm3) and determined as
8.23 μm. The calculated value of Se is too high than that of Sn; therefore,
modifications are mainly attributed due to Se effect. The values of the
fluences have been decided by measuring the charge arising on the film
surface under the secondary electron suppressed geometry.

The composition of elements and depth profile of the pristine film
have been estimated by Rutherford backscattering spectrometry (RBS).
The room temperature crystal structure or phase of pristine and films
irradiated at different fluences have been carried out by the Bruker D8
Advance X-ray diffractometer (XRD). The XRD characterization has
been performed with a Cu Kα radiation of wavelength (λ=1.54 Å)
with a scan rate of 0.6°/minute at UGC-DAE-CSR Indore. Furthermore,
surface features of the pristine and irradiated thin films have been

characterized by atomic force microscopy (AFM) (Bruker Nanoscope V
system) in tapping mode with a Si3N4 cantilever. The mechanical
properties of the pristine and the irradiated NiTi thin films have been
analyzed by nanoindentation tester equipped (CSM Instrument) with a
diamond Berkovich Type indenter tip. Nanoindentation test has been
performed on three different positions of the films surface to calculate
the average hardness and elastic modulus values. Every nanoindenta-
tion test consisted of 8-sec linear loading segment to a peak load and
10-sec holding and again 8-sec linear unloading segments. Mostly the
holding period has used to diminish the time-dependent effects (creep
effects) caused by the specimen. All these characterizations have been
done at room temperature before and after irradiation.

3. Results and discussion

3.1. Rutherford backscattering spectrometry

RBS is a non-destructive technique and it gives the precise estima-
tion of the composition and thickness of the deposited film. The NiTi
alloy thin film is very sensitive to the elemental composition and the
composition uniformity over the surface. The phase transformation
behavior and mechanical strength of the NiTi alloy also depend upon
the elemental composition. A small variation in composition (0.1 at.%)
could cause a shift in transformation temperature by around 10 °C;
consequence shape memory effect occurred below or above room
temperature [23]. The superelasticity behavior is also affected by the
elemental composition of films. Therefore, the fabrication of the desired
composition in the thin film and also the exact determination of the
elemental composition of the films are very essential. Fig. 1(a)-(b) re-
presents the simulated RBS spectrum and depth profile for the pristine
film deposited on Si substrate at 550 °C. To obtain the film thickness
and elemental composition present in the pristine film, the RBS data has
been simulated by the SIMNRA software and the fitting of data is shown
in Fig. 1(a) [24]. The simulated concentration of the Ti is found to
∼43.3 at.% and the concentration of the Ni is found to be ∼56.7 at.%.
The estimated film thickness is found to be ∼270 nm, respectively.
Furthermore, Fig. 1(b) shows the graph of the atomic concentration of
Ni and Ti versus depth of the film. This Fig. shows the uniform dis-
tribution of elements (Ni and Ti) content through the films thickness. A
significant diffusion of NiTi into Si substrate (∼39 nm) is also observed
after the deposition. This diffusion possibly may be due to higher
temperature deposition of Ni and Ti.

3.2. X-ray diffraction

Fig. 2 represents the room temperature X-ray diffraction pattern
plotted for pristine and the irradiated NiTi thin films. The pristine and
irradiated NiTi films represent the several diffraction peaks which in-
dicate the polycrystalline nature of the films. The XRD pattern exhibits
two major peaks corresponding to NiTi, in pristine and also in the films
irradiated at different fluences. The XRD pattern of the pristine film
deposited at 550 °C shows two sharp peaks corresponding to austenite
and martensite phase. The XRD patterned of pristine film exhibits the
austenite peak located at 2θ=42.5° (JCPDS file no. 65-5537) corre-
sponding to cubic (110) plane, and martensite peak at 43.9° (JCPDS file
no. 77-2170) corresponding to monoclinic (002) plane, respectively.
The presence of martensite phase at room temperature in the pristine
film could be due to higher bi-axial stress. This type of behavior of
martensite phase consistent with the data reported by Martins et al.
[25]. The growth of austenite phase corresponding (110) plane in the
pristine film could be due to the migration of atoms toward plane with
lesser surface energy: here body-centered cubic crystal structure (bcc)
which have minimum surface energy along the (110) plane. Due to the
minimum surface energy, (110) plane should be favourable in bcc
structures [26].

The NiTi thin film irradiated at fluences of 1× 1012 ions/cm2 shows
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the decrease in peak intensity of both austenite and martensite peaks
correspond to (110) and (200) planes. Further increase in the fluence to
3× 1012 ions/cm2, the intensity of the austenite peak is decreasing and
the peak corresponding to (200) plane became broad. The boarding of
the (200) plane shows the less stability of the martensite phase against
the SHI irradiation. This peak broadening also shows the partial
amorphization of martensite phase at this fluence. With further increase
in fluence to 9× 1012 ions/cm2, the intensity of both the phases de-
creases considerably. At the much higher fluence of 1× 1013 ions/cm2,
decrease in the intensity of both peaks related to austenite and mar-
tensite phases shows the partial amorphization of both the phases. The
decrease in crystallinity for both phases depends upon the amount of
energy deposited by SHI irradiation in NiTi films by Ni ions. When the
energetic ion is passing through the NiTi films, it produced ionization
and excitation of alloy atoms, and it leads to modification in structural
properties of the material. Such high electronic excitation can also
produce local heating followed by rapid quenching (thermal spike) and
producing lattice distortions, which are so drastic that the material
relaxes into an amorphous state [27].

Furthermore, the average crystallite size (D) of the NiTi pristine and
films irradiated at different fluences has been calculated from line
broadening of the XRD lines, corresponding to austenite (110) plane
after removing the instrumental broadening by using the Debye-
Scherrer's formula [28];

=D Kλ
β θcos (1)

where D=crystallite size, K=shape factor (0.9), β= integral half
width, λ and θ are the wavelength of Cu-Kα (λ=0.154 nm) radiation,
and Bragg angle, respectively.

The calculated crystallite size (D) values for the pristine is
31.57 ± 1.1 and for the irradiated NiTi thin films at different fluences
of 90MeV Ni ions (1×1012, 3× 1012, 9× 1012 and 1× 1013 ions/
cm2) are found to be 30.44 ± 1.2 nm, 28.41 ± 1.4 nm,
26.63 ± 1.4 nm and 18.52 ± 1.5 nm respectively and summarized in
Table 1.

Furthermore, the strain (εzz) developed in pristine and irradiated
NiTi thin films at different fluences of 90MeV is calculated for the
austenite (110) plane by the given relation [28]:

= − ×ε a a
a

(%) ( ) 100zz
0

0 (2)

where symbol 'a' represents the lattice parameter corresponds to
strained NiTi films and 'a0' represents the lattice parameter of un-
strained bulk NiTi alloy. The lattice parameter ‘a’ of NiTi films have
been calculated by the formula given below for cubic crystal structure
[28]:

= + +
d

h k l
a

1 ( )
2

2 2 2

2 (3)

where d represents the interplanar distance calculated for the peak
(110) by the Bragg condition, a represents the lattice parameter and h,
k, l show the Miller indices.

The calculated values of lattice strain are observed to increase with
an increase in the ion fluence as shown in Fig. 3. For the pristine thin

Fig. 1. RBS spectra along with SIMNRA simulation of NiTi pristine film deposited on Si substrate (a) and depth profile (b) performed by using 2MeV He2+ ions.

Fig. 2. XRD pattern of the pristine and 90MeV Ni ions irradiated NiTi thin
films.

Table 1
Microstructural parameters of pristine and the films irradiated at different
fluences of 90MeV Ni ions.

Fluence
(ions/cm2)

2θ (degree) FWHM
(degree)

Crystallite size
(D) (nm)
along (110)
peak

Lattice
strain
(ε)%
along
(110)
peak

Dislocation
density
(δ)× (1015

line/m2)

Pristine 42.56 0.27 31.57 ± 1.1 0.30 1.00
1× 1012 42.51 0.28 30.44 ± 1.2 0.31 1.07
3× 1012 42.52 0.30 28.41 ± 1.4 0.33 1.23
9× 1012 42.54 0.32 26.63 ± 1.4 0.36 1.41
1× 1013 42.52 0.46 18.52 ± 1.5 0.52 2.91
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film, the calculated strain value is 0.30 and for the films irradiated at
different fluences 1× 1012, 3× 1012, 9× 1012, 1× 1013 ions/cm2 are
found to be 0.31, 0.33 and 0.36 and 0.52 respectively as reported in
Table 1. The calculated lattice parameters have been found to be
smaller than the lattice parameters of bulk NiTi alloy, which suggest a
lattice compression in the direction perpendicular to the film plane.
This observation shows the compressive in plane stress in the films. The
lattice strain values are increased with increase in ion fluence of
90MeV Ni ion beam. This increasing in lattice strain values could be
due to the increase in lattice defect, large number of grain boundaries
and decrease of ordering of preferred orientation of NiTi films. The
Fig. 3 represents the variation of crystallite size and lattice strain with
ion fluences.

The dislocation density (δ) of the pristine and irradiated NiTi films
at different fluences has been calculated from the crystallite size (D)
using the given relation [29], and values are reported in Table 1:

=δ
D
1 lines/m2

2
(4)

Fig. 3. Variation of crystallite size and lattice strain with fluences for the
pristine and the films irradiated at different fluences of 90MeV Ni ions.

Fig. 4. AFM (2D) surface morphological micrographs over scan 2×2 μm2 areas for the pristine and irradiated NiTi thin films.
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The dislocation density is a line defect and it is defined as the length
of dislocation per unit volume. The values of dislocation density are
increased with increase in ion fluence and it strongly depends upon the
amount of defects created by the incident Ni ions.

3.3. Atomic force microscopy

The topographical features of the pristine and irradiated NiTi thin
films at different fluences ranging from 1×1012 to 1×1013 ions/cm2

have been studied with AFM in tapping mode. Figs. 4(a)–(e) and
5(a)–(e) show two-dimensional and three-dimension representation of
AFM micrographs for pristine and irradiated NiTi thin films on the scan
area of 2×2 μm2. It is clear that from the AFM micrographs that film
have different surface morphology at different fluences. The AFM mi-
crograph of the pristine film (Fig. 4(a)) shows the very dense and fine
grains with well define boundary of NiTi film deposited at 550 °C. The
film irradiated at fluence of 1×1012 ions/cm2 reveals the change in
film morphology with fluence. Further, the film irradiated at 3× 1012

ions/cm2 represents the distorted grains on the film surface and crys-
talline grains are randomly distributed over the film surface. Further,
increasing in fluence of 9× 1012 ions/cm2, the film shows the fea-
tureless grain growth and indicates no sharp grains formation. How-
ever, irradiation with 1× 1013 ions/cm2 (Fig. 4(d) and 4(e)) amor-
phous state like topography appeared. However, at this fluence some
randomly distributed grains formed by the coalescence of adjacent
grains due to the incident electronic energy deposition in NiTi matrix.

The topography features of the NiTi pristine and irradiated films are
evaluated using average roughness (Ravg) and root-mean-square surface
roughness (Rrms). The surface roughness of the films are calculated
using AFM by scanning the areas of 2× 2 μm2, over the film surface at
three times each time at different position using the relation [30]:

∑= ⎡

⎣
⎢ − ⎤

⎦
⎥

=N
Z ZR 1 ,

i

N

iavg
1 (5)
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⎣
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⎦
⎥

=N
Z ZR 1

i

N

irms
1

2
1/2

(6)

where N represents the number of surface height data, and Z represent
the mean height distance. The values of Ravg and Rrms of the films in-
creases with the increase in the ion fluences up to 3×1012 ions/cm2

and the values decrease considerably with an increase in the fluence.
The Ravg value for the pristine film is ∼2.14 and for the films irradiated
at different fluences are found to be ∼3.77 nm, ∼4.31 nm, ∼2.52 nm
and ∼1.75 nm, respectively, while the values of Rrms for the pristine
and irradiated films are found to be ∼1.81 nm, ∼2.23 nm, ∼3.89 nm,
∼1.83 nm and ∼1.32 nm respectively. It is observed that the small
surface roughness contributed by the shallower depression exhibit
smoother film surface and the higher surface roughness is most prob-
ably due to the ion irradiation induced sputtering effect [31].

3.4. Nanoindentation

Nanoindentation is a suitable tool to test the mechanical properties,
i.e., elastic modulus, hardness and the extension of stress-induced phase
transformation. It is employed to measure the penetration depth of an
indenter into the film surface along with the applied load and also to
measure the values of the area of contact depth and hardness of the
materials deposited on the substrate [32,33]. Fig. 6(a)-(e) represents
the load versus displacement curves for the pristine and the irradiated
NiTi films.

The mechanical properties of NiTi thin films such as hardness and
elastic modulus have been calculated using the load versus displace-
ment graph (p-h) and analyzed by the Oliver and Pharr method [34].
Fig. 6(a)–(e) represents the load versus displacement curves for the
pristine and irradiated NiTi thin films. The patterns of load versus
displacement curves for all the films consistent from test to test, in-
dicate that the surface of all the films is homogeneous over the areas
tested. The load versus displacement graphs of all the films show the
overall elastic-plastic response [35]. The unloading curves (plastic

Fig. 5. AFM 3D micrographs of pristine and irradiated NiTi thin films.
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response) of all the films are smooth demonstrating that stress of the
films is recovery on relaxation during indentation withdraw.

The elastic modulus of the pristine and irradiated NiTi films is
calculated by the following equation:

=E π S
A2eff

c (7)

where S is unloading stiffness at maximum load ( =S dP
dh ) and Ac is the

projected contact area and Eeff is the effective modulus of the material

Fig. 6. Load versus displacement curves for pristine and 90MeV Ni ion irradiated thin films.
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associated to the modulus of elasticity which is given by the following
equation:

=
−

+
−

E
v

E
v

E
1 (1 ) (1 )
eff

i

i

s

S

2 2

(8)

where, subscript i represents the indenter material, and subscript s
corresponds to film material and ν represents the Poisson's ratio. The
films hardness (H) could be calculated by the following equation:

=H P
A
max

(9)

where, Pmax represent the maximum indenter load and A is the pro-
jected contact area at that load.

The calculated mechanical properties by nanoindentation mea-
surement are shown in Table 2. The hardness of the NiTi pristine film is
11.26 ± 0.40 GPa and for the irradiated films are found to be
11.40 ± 0.98 GPa, 12.85 ± 0.93 GPa, 10.90 ± 0.53 GPa and
9.18 ± 0.48 GPa respectively. The elastic modulus of the pristine film
is 155.57 ± 4.06 GPa and for the films irradiated at different fluence
are found to be 163.39 ± 2.62 GPa, 169.4 ± 2.46 GPa,
164.46 ± 3.92 GPa and 167.46 ± 3.9 8 GPa respectively. The ob-
tained values of the elastic modulus at different irradiated fluences
follow the same trends as shown by the hardness. It is observed that
irradiation has a significant effect on the mechanical behavior of the
NiTi thin films. Irradiation of the films up to certain fluences leads to an
increase in mechanical strength by grain boundary and dislocation in-
teraction. At low fluences, hardness and elastic modulus of the films
increase due to nucleation and propagation of dislocation, but at higher
fluence the values of hardness is decreased.

Fig. 7(a)-(b) display the graphs of hardness, elastic modulus and
hardness to elastic modulus ratio values versus ions fluences for the
pristine and irradiated films. It illustrates that hardness of the NiTi films
increase up to the fluences 3×1012 ions/cm2 and after that the hard-
ness of the films decreased with increase the fluences. The films irra-
diated at the fluences of 9× 1012 and 1× 1013 ions/cm2 exhibit de-
crease in hardness and elastic modulus values with decreasing in grain
size values with fluence. The observed decrease in hardness and elastic
modulus values at higher fluence could be attributed to large number of
grain boundaries generated by SHI irradiation. As it is reported that the
decrease in grain size leads to the large number of grain boundary per
unit volume, which enhance the volume fraction of material occupied
by the grain boundaries and therefore decrease the hardness of the
material [36]. The lower hardness of the films shows the smaller re-
sistance to plastic deformation, i.e., higher tendency toward plastic
deformation.

The significant feature to examine the behavior of wear resistance of
the films is ascribed by the ratio of hardness to elastic modulus and it is
also the major parameter to determine elastic and the elastic-plastic
behavior of the films. Xu et al. observed that the deformation around
the indenter surface arises due to the sink-in and piling-up and ten-
dency of sink-in increase with increasing the value of H/Eeff ratio [37].
The film with higher H/Eeff ratio shows the smaller accumulation strain
and leading into excellent the wear resistance, while the small value of
(H/E) demonstrate more fraction of work consumed in the plastic de-
formation and more work is required for contracting a material. The
NiTi film irradiated at a fluence of 3× 1012 ions/cm2 has the higher
(H/Eeff) value (0.075 ± 0.006). This higher (H/E) value shows the
small strain energy and better wear resistance for deformation.

The indentation induced superelastic effect is analysis using load
versus depth curves, by the relation [38].

= −δ h h
h

Depth recovery ratio( ) ( )rmax

max (10)

where hmax is indentation penetration depth at maximum load, and hr is
corresponding to residual displacement when the load returned to zero
during indentation withdrawal respectively. The values of depth

Table 2
The various mechanical parameters calculated from nanoindentation for the
pristine and for the films irradiated at different fluences of 90MeV Ni ions.

Fluence
(ions/cm2)

Hardness H
(GPa)

elastic modulus
Eeff (GPa)

H/Eeff Depth
recovery
ratio

Pristine 11.2 ± 0.40 155.5 ± 4.0 0.072 ± 0.001 0.41
1× 1012 11.4 ± 0.98 163.3 ± 2.6 0.069 ± 0.006 0.42
3× 1012 12.8 ± 0.93 169.4 ± 2.4 0.075 ± 0.006 0.42
9× 1012 10.9 ± 0.53 164.4 ± 3.9 0.066 ± 0.003 0.36
1× 1013 9.1 ± 0.48 167.4 ± 3.9 0.054 ± 0.003 0.34

Fig. 7. Variation of hardness and elastic modulus (a), and hardness to elastic
modulus ratio (b) with fluences for the pristine and irradiated NiTi thin films.

Fig. 8. SRIM simulation, variation of electronic (Se) and nuclear stooping (Sn)
powers with variation in depth and energy for NiTi thin film.
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recovery ratio are increased for the pristine, and the films irradiated up
to the fluence of 3×1012 ions/cm2 afterwards it decreases con-
siderably for the films irradiated at fluence 9× 1012 ions/cm2 and
1×1013 ions/cm2 as shown in Table 2. The increment in depth re-
covery ratio could be due to the higher hardness and higher degree of
crystallization. However, the decrement is most probable due to lower
hardness and irradiation induced defects.

Fig. 8 shows the combine graphs for electronic (Se) and nuclear (Sn)
stopping power versus energy (MeV) and depth for NiTi thin film with
composition Ti-57.7 at.%Ni. The variation of Se and Sn versus energy of
the incident 90MeV Ni ions is simulated by using TRIM 2008 code. The
interaction between the incident ions and the target atoms depends
upon the energy, mass and charge of the incident ions species. Suffi-
cient energy provided by the incident ions to the target NiTi matrix can
cause the significant moment of the atoms and result in the change in
structural and phase transformations properties of the films. SHI irra-
diation deposits it is energy into the materials by two independent
processes: one is electronic energy loss (Se) and second is knows as
nuclear energy loss (Sn). In electronic energy loss: ions of indent beam
transfer their energy to the electrons of target atoms by inelastic col-
lision and this terms known as the electronic energy loss. Nuclear en-
ergy loss: ions of incident beam deposited their energy into the material
lattice by elastic collision and produced the significant movement of
atoms result in the formation of Frenkel defects (vacancies or interstitial
defect) and term knows as nuclear energy loss. In the high energy range
(MeV/amu) electronic stopping dominates over the nuclear stopping
potential and results in the modifications of material properties. Fur-
thermore, Fig. 8 shows the penetration depth of the incident beam is
much larger than the thickness of the films and therefore the incident
beam could penetrate the NiTi films and buried into the Si substrate.

4. Conclusions

In the present study, systematic and preliminary investigations on
the effect of 90MeV Ni ions irradiation on the structural, morphological
and mechanical behaviours of NiTi thin films have been investigated.
NiTi thin films are deposited on Si substrate by dc-magnetron co-
sputtering technique. The XRD pattern reveals the existence of both
austenite and martensite phases in the films. As the fluence increases,
the crystallinity of the films decreases and at higher fluence of 1× 1013

ions/cm2 the partial amorphization of the film occurs. Furthermore,
AFM study reveals that Ravg and Rrms values of the NiTi films increase
up to a fluence of 3× 1012 ions/cm2 due to the ions irradiation induce
sputtering effect and after that these values are decreased due to the
suppression of both the phases. Nanoindentation measurement has re-
vealed that the film irradiated at a fluence of 3× 1012 ions/cm2 exhibit
higher hardness, elastic modulus and depth recovery ratio values in
comparison of the films irradiated at higher fluences. Significant en-
hancement in mechanical behavior of nanocrystalline NiTi thin films is
observed with ion beam irradiation. Thus, the improved properties of
Ni-Ti films pave the way for future MEMS application.
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