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In this study, nanocrystalline Ni, Ni-TiN, and NigyCu;,-TiN coatings were processed using reactive magnetron cosputtering of Ni,
Cu, and Ti targets under Ar and N, gas environment. The phase evolution and structure of coatings were analyzed by the X-ray
diffraction (XRD) technique. The morphology of the as-prepared nanocomposite films were investigated by high-resolution
transmission electron microscopy (HRTEM). The elastic modulus, nanohardness, and scratch resistance of the investigated films
were measured using the nanoindentation technique and compared. The results showed that Ni, Ni-TiN and NigoCu;-TiN coatings
exhibited nanocrystalline structure. The NigyCu;o-TiN nanocomposite films showed optimum nanohardness and tribological
properties due to the additional TiN additives which enhanced the dispersion hardening of the composite matrix significantly.

1. Introduction

Ni-Ti-based alloys have been widely used in aerospace and
biomedical applications due to their attractive biocompat-
ibility, superelasticity, shape memory effect, and oxidation
resistance [1-3]. However, poor machinability and wear
resistance severely limit the applications of TiNi-based alloys
[4]. Due to the advancement of the nanomaterials design and
fabrication process, nanoscale composite coatings have re-
ceived significant recognition in the scientific community
because of their excellent specific strength and tribological
properties as compared to their bulk counterparts. Specific
considerations have been undertaken to study materials
processing, microstructure properties relationship of the
nanocomposites with either metallic or ceramic matrices.
Substantial improvements in composite properties such as
microhardness, strength, and wear have been noticed when
the average dispersed particle size or matrix grain is reduced
to 10-100nm. Nanocomposite thin films having

nanocrystalline (Ti, M) N (M = Al, Si, Zr), [5, 6], TiN [7-10],
CrN, or ZrN [11] as the dispersed phase have been widely
investigated in amorphous or nanocrystalline Ni matrix to
control grain growth and improve composite hardness and
toughness. Nanocomposite films also impart minimum
compressive residual stress present in the matrix which has
been developed with higher hardness and wear resistance in
cutting tools and surface protection applications. The
nanocrystalline Ni-TiN has been reported to have a low
coeflicient of friction (COF) as compared to pure TiN films
[9, 12]. The TiN films are also considered important ma-
terials because of their high hardness and elastic modulus as
well as metal-like electrical conductivity [13-15]. However,
the adhesion property of the superhard TiN-based coatings
is adversely affected by high compressive residual stress
developed during their growth [16]. Hence, the integration
of Ni-TiN nanocomposite as an interfacial layer between the
ceramic coating and the substrates has been recommended
to encourage adhesion [17]. Much higher hardness has been
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observed for the nanocrystalline Ni films as compared to the
coarse grains’ microstructure [18-20], as a dislocation-based
deformation mechanism effective in the nanocrystalline Ni
with grain size varies from 10-20 nm based on in situ tensile
straining observed under TEM studies [21, 22]. The presence
of ceramic or intermetallic nanoparticles as reinforcement in
nanocrystalline metallic matrix stabilizes their microstruc-
ture by constraining the growth of the matrix grain during
processing or at elevated temperatures [23]. The size dis-
tribution of nanosize second phase particles, as well as
particle-matrix interfaces, plays a vital role in deciding the
mechanical performance of the nanocomposite coatings and
is worthy of investigation. A significant number of inves-
tigations have been carried out on electrodeposited Ni
matrix nanocomposite coatings including Ni-SiC [24], Ni-
AlL,O; [25], Ni-ZrO, [26], and Ni-TiN [27]. Numerous
works on electrochemically deposited metal matrix com-
posites have been nicely summarized by Low et al. [28, 29] in
their review article. However, in the electrodeposition
process, due to presence of electrolytic solution and other
reagents, deposited films often get contaminated. Therefore,
for the development of nanocomposite thin films with
suitable composition, the magnetron sputtering technique
can be considered as an accomplished alternative. The details
of the magnetron sputter deposition technique and the effect
of processing parameters on microstructure have been
studied in-depth by Mukesh et al. [30-33]. Additionally,
from the literature review, it has been observed that during
the processing of the nanocomposite thin films, a huge
amount of residual stress developed. Thus, for more practical
applications, it is required to minimize the residual stress
along with an increase in nanohardness and wear scratch
resistance. In this regard, an effort has been made for
comparative studies on the microstructure, residual stress,
and mechanical and tribological properties of nanocrystal-
line Ni, (Ni-Ti) N, and NigyCu,,-TiN nanocomposite films
developed using reactive magnetron cosputtering under
argon plus nitrogen gas environment. Here, Cu was added to
achieve a lubrication effect and balance the strength and
wear properties. Finally, we compare (Ni-Ti) N and
NiggCuyo-TiIN coatings with Ni as the reference matrix
sample.

2. Experimental Procedure

2.1. Processing. 'The investigated thin films were processed
by a magnetron sputtering system (Model KVS-T 4065,
Korea Vacuum Technology, Gyeonggi-do, Korea) under
Ar/N, gas environment. This system was equipped with
two DC power sources and one RF power source for
sputtering. Before sputtering of target materials (Ni, Cu,
and Ti with 99.9% purity, Sigma Aldrich, Burlington, USA),
the chamber was evacuated to a base pressure lower than
2x107® Torr using a rotary pump and a turbomolecular
pump. The thin films were deposited on ultrasonically
cleaned (first in acetone and then isopropanol) p-type Si
(100) substrates. The parameters used for deposition of the
investigated thin films are based on previous work [30], as
given in Table 1.
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2.2. Characterization. The cosputtered thin films were
characterized by grazing incidence X-ray diffraction
(GIXRD, Philips X’Pert PRO Diffractometer, Netherlands)
for the analysis of grain size and root mean square (RMS)
value of strain. During characterization, GIXRD was op-
erated at 40kV accelerating voltage and 30 mA current.
Using Cu K, radiation (wavelength = 0.154 nm), the GIXRD
scans were performed at a grazing angle of 1.5%, in the range
between 35° and 65°, at a scanning speed of 0.05°/s. Scherrer
equation was used to calculate the grain size and strain
developed in the investigated films [33, 34]. The micro-
structures of these thin films were observed in bright-field
(BF) and dark-field (DF) modes under an HRTEM (JEOL
JEM 2100, Tokyo, Japan) operated at an accelerating voltage
of 200kV. During microstructural observation, chemical
analysis was done by an energy dispersive X-ray spectros-
copy (EDX, Oxford, UK). A nanoindenter (TI950 Tribo-
nanoindenter, Hysitron Inc., Minnesota, MN, USA) having
Berkovich indenter with a tip radius of =50 nm was used for
the measurement of elastic modulus and hardness of the
investigated thin films. Minimum 25 indentation mea-
surements were done for each investigated film at 0.2 mN/s
of loading rate to a maximum load of 2 mN and depths varies
in the range of 40-50 nm. The hardness and elastic modulus
were determined by analyzing the load-displacement plots
obtained from the tests. Important quantities, which can be
determined from analysis of load-displacement plots, are
peak load (P,,,,) and displacement (h,,,,), the residual depth
after unloading (h/), and slope of the initial portion of the
unloading curve, S=d,/dy, which is known as the elastic
stiffness of the contact. The hardness (H) and elastic
modulus (E) of the test surface are determined using the
relation given by Oliver and Pharr [35-37]. We have used
the values of H and E as the combined effect from the
substrate and film. Furthermore, to measure the scratch
resistance and friction coefficient of the investigated films,
using the same instrument and same condition, nanoscratch
tests were performed to a length of 20 ym with a lateral speed
of 0.5um/s.

3. Results and Discussion

3.1. Chemical Composition and X-Ray Diffraction Analysis.
The Ni-TiN and NigyCu;o-TiN nanocomposite films com-
positions have been determined by EDX analysis, and a
representative EDX spectrum obtained for the Ni-TiN
nanocomposite film is shown in Figure 1. The presence of Si
was detected from the Si substrate. These values are the
average compositions measured by performing EDX at 5
different locations within the microstructure. The stoi-
chiometric composition of coatings was Ni, Ni-TiN, and
NigoCuyo-TiN, respectively. These compositions have been
compared with the ratios of separate growth rates of Ni and
Cu films deposited using pure Ni and Cu targets,
respectively.

The X-ray diffraction patterns of the investigated Ni, Ni-
TiN, and NigyCu;,-TiN thin films of thickness in the range of
450 nm to 500 nm are shown in Figures 2(a)-2(c), respec-
tively. The Ni, NigyCuyg, and TiN average grain sizes
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TaBLE 1: The deposition parameters for the investigated thin films.

Processing parameters Values

Base pressure 2.0x107° Torr

Working pressure 30m Torr

Gas ratio (Ar:N,) 1:2

RF power for Ti target 300 W

DC power for Ni target 50 W

DC power for Cu target IW

Substrate temperature 100°C

Substrate bias -60V

Speed for substrate rotation 25rpm

Substrate to target distance 150 mm

Full Scale 795 cts Cursor: 0.000

keV]

()

FIGUre 1: EDX spectrum obtained for the Ni-TiN nanocomposite film.
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FIGURE 2: GIXRD patterns of nanocrystalline: (a) Ni, (b) Ni-TiN, and (c) NiggCu,o-TiN thin films.

calculated are given in Table 2. Since there are only two peaks
for the particular phase present in the XRD patterns, Wil-
liamson Hall plot was not so accurate showing only two data
points. Therefore, we used Scherrer equation to calculate the
grain size of films [34]. The grain sizes for NigyCu;o and TiN
were lower as compared to the pure Ni. In contrast, the RMS
strain for the NigyCu;o-TiN nanocomposite film has been

noticed to be higher than the values for Ni and Ni-TiN
nanocomposite films.

3.2. Microstructural Analysis. The typical cross-sectional
TEM images along with a high-resolution image and a
representative selected area electron diffraction (SAED)
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TaBLE 2: Crystallite size and RMS strain obtained for Ni, Ni-TiN, and NigyCuyo-TiN thin films.
RMS strain (x107%) Grain size of Ni and NigyCu,( (nm) Grain size of TiN (nm)
Ni 0.8+0.2 193+1.3 Not applicable
Ni-TiN 24+0.2 13.4+1.2 9.8+1.1
NigoCu,;o-TiN 2.8+0.3 131+1.6 95+1.2

pattern of the Ni, Ni-TiN, and NigyCu,,-TiN nanocomposite
films are shown in Figures 3(a)-3(e), respectively. The BF-
TEM images of pure Ni show the presence of equiaxed grains
(Figure 3(a)). Similar behavior is exhibited by Ni-TiN
coatings (Figure 3(b)). To distinguish the TiN in Ni matrix,
we performed a comparison of BF and DF-TEM images, as
shown in Figures 3(d) and 3(e). A sharp interface between
the two phases without any amorphous region is noticed
(Figures 3(d) and 3(e)). This is also confirmed by the absence
of diffuse halo in the SAED pattern (Figure 3(f)). The cir-
cular rings present in the SAED pattern reveal the presence
of both Ni and TiN phases. The SAED pattern reveals the
presence of both Ni and TiN phases. Furthermore, the
particle size of Ni, NigyCu;o, and TiN films was measured

Total energy Wt = Wp + We

using BF and DF images. These measured values of particle
sizes match the results obtained by the GIXRD.

3.3. Nanoindentation Elastic Modulus and Hardness. The
load versus indentation depth plots for the NigyCu;o-TiN
nanocomposite films are shown in Figure 4(a), and the
corresponding image depicting a typical array of Berkovich
indentations is shown in Figure 4(b). In Figure 4(a), the
main parameters during the indentation test are maximum
depth, final depth, and load are shown. The elastic and
plastic energy can be given by We and Wp, respectively
[38, 39].

According to the power law function, P = p h* (loading), and (1)

P = a(hmax-hfinal)n (unloading),

Where P is the load, and « and # are the material con-
stants determined from regression analysis. The /3 is a material
constant that depends upon the elastic and plastic properties
of the material. According to the measure of the resistance to
plastic deformation, we can estimate the plastic energy as the
irreversible energy of the indentation, which can be correlated
with the value Wp/Wt. Furthermore, the bar charts depicting
the ratios of plastic work of the indentation (W,,) to total work
of indentation (W) indicate that the trend followed is as
follows: Ni> Ni-TiN > NigyCu;o-TiN films, as shown in
Figure 4(c). This result confirms that the amount of plastic
work done during nanoindentation is increased with a de-
crease in the hardness of the films, irrespective of their
compositions. In addition, both elastic modulus and hardness
obtained by nanoindentation tests on the aforementioned
thin films are shown in Figure 4(d). On examination of the
results shown in both Figures 4(c) and 4(d), the values of W,/
W, are found to increase with a decrease in the hardness value
of the investigated film. This result confirms that the amount
of plastic work done during nanoindentation is increased with
a decrease in the hardness of the present investigated films,
irrespective of their compositions.

The results shown in Figure 4(d) also show that both
hardness and elastic modulus for the nanocomposite thin
films are significantly higher than that of nanocrystalline Ni.
On alloying, the hardness values increase due to solid so-
lution hardening, whereas in the case of the composite, the
second phase particles act as obstacles for dislocation mo-
tion, and consequently, the strength is enhanced. Hardness

enhancement is also probably due to the combined effects of
the increase in the root mean square (RMS) strain as well as
compressive residual stress observed on alloying with Cu
and the addition of TiN as reinforcement.

3.4. Nanotribological Properties. Typical AFM images
showing the nanoindentation scratches in nanocrystalline
Ni-TiN and NigoCu;o-TiN thin films deposited at optimized
conditions are shown in Figures 5(a) and 5(b), respectively.
After the inspection of scratch surfaces, there is evidence of
displacement of material from inside [40-43]. Bar charts
showing the variation of width and depth of the nano-
indenter-made scratches on Ni, Ni-TiN, and NigyCu,;,-TiN
nanocomposite films are shown in Figure 5(c). The results
present in this figure indicate that the values of depth and
width of scratch are much smaller for the nanocomposite
films compared to those found for pure Ni films. The en-
hancement in scratch resistance of the present investigated
films due to alloying of the matrix with Cu is only marginal.

The COF versus lateral displacement graph is shown in
Figure 5(d). It shows that (i) the values of COF vary in the
range of 0.3-0.5, (ii) the average COF decreases in the
following order: Ni < Ni-TiN < NigyCu,o-TiN, and (iii) with
an increase in lateral displacement, the more or less stable
value of COF is observed in case of the NigyCu;o-TiN
nanocomposite film, whereas large fluctuations are being
observed for the other films. It is a fascinating result that for
a given lateral displacement of the indenter, the value of COF
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FIGURE 3: (a-c) BF-TEM images of Ni, Ni-TiN, and NigyCu;o-TiN, (d) DF-TEM image of NigyCu,o-TiN, (e) high-resolution image of
NigoCuyo-TiN, and (f) SAED pattern of (e).
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FIGURE 4: (a, b) Load—indentation curve and indentation image of NigyCuy,-TiN, (c) ratio of W,/W, and (d) hardness and elastic modulus
of Ni, Ni-TiN, and NigyCu,o-TiN thin films.
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of COF with lateral displacement.

observed for the NigyCu;o-TiN and Ni-TiN nanocomposite
films is lower than that of pure Ni, which may be due to the
observed effects of Cu addition involving both increases in
hardness (Figure 5(c)) and decreases in surface roughness.
Higher hardness reduces the amount of adhesive interaction
between the nanoindenter and the film.

4. Conclusions

A comparative study has been done on microstructure and
properties of the nanocrystalline films of pure Ni, Ni-TiN,
and NigpCu,0-TiN nanocomposites thin films processed by
magnetron cosputtering under optimized conditions. Elastic
modulus, nanohardness, and scratch resistance are found to
increase with Cu or TiN additions in the nickel matrix.
Although a linear proportional relationship between scratch
resistance and resistance to plastic deformation is observed,

yet the COF values for the nanocomposite films (Ni-TiN and
NigoCu,o-TiN) were observed to be less than that of pure Ni.
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