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Abstract

RF Magnetron sputtering is a distinctive deposition process that has applicability for growing thin film coatings on the
surface of any materials such as biomedical implants without the formation of excessive heat and alteration of the overall
properties of the materials. In this research study, a 99.5% purity nanostructured titanium carbide (TiC) target was effectively
deposited on biomedical implants (Ti6Al4V) substrates under various sputtering process parameters. A field emission scan-
ning electron microscope was used to analyse the surface morphology, and an atomic force microscope was used to probe
the topography of the thin film coatings. Low angle X-ray diffractometer and Raman spectroscopy were used to investigate
the phase formation and structural properties of the thin film coatings to consolidate the surface characterisation. The young
modulus and hardness of the TiC thin film coatings were investigated using nanoindentation. The evolving microstructure
and surface roughness show significant reliance on the process parameters. All the thin film coatings are oriented towards
(200) planar. From the grain sizes calculations, it was observed that samples produced at higher process parameters (RF
power and temperature) exhibit the most diminutive grain sizes. All samples prepared at higher process parameters show an
improved mechanical strength. It also established that sample L4 prepared at the highest temperature and higher RF power
displayed the most robust properties.
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1 Introduction
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Titanium is regarded as a low-density metal by having
nearly 50% of the density of cobalt and 60% of the den-
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sity of steel and iron. Titanium and its alloys have been
grouped into four different categories depending on the
ratio of the alloying elements, namely o alloys, near—o
alloys, o—f alloys, and P alloys [1-3]. Titanium alloy offers
uniques properties, including low elastic modulus, excel-
lent corrosion and wear-resistant, and superior mechani-
cal properties [3]. Due to all these significant properties,
titanium and its alloys have been substantiated as one of
the leading and most adaptable materials used for several
applications, and it is fast becoming the material of choice
for implants and dental applications [4]. Stainless steel and
cobalt alloys have also been used for biomedical implants
but tend to react with the body fluid, which usually leads
to corrosion of the material, resulting in damage to the
tissues [5]. The main feature that distinguished titanium
and its alloys from other materials is its biocompatibility.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-021-00576-7&domain=pdf

138 Page2of11

Journal of Bio- and Tribo-Corrosion (2021) 7:138

It has a broad spectrum of biomedical applications, which
include its good corrosion resistance, a low ion-formation
and release of toxic elements in aqueous environments,
resistance to body fluids, the quick stable and inert layer
surface film formation, good adaptability to the tissues,
non-biodegradation or decomposition in body and its bio-
compatibility [6, 7]. Also, titanium has superior mechani-
cal properties such as high tensile strength, good com-
pressibility, adequate ductility, high elongation, sufficient
fatigue strength, as well as bending and shearing abilities
[8]. Another industry in which titanium has been widely
utilised and exploited is aerospace and aviation due to its
high strength-to-weight ratio, favourable working tempera-
ture, composite compatibility with polymers, good damage
tolerance, mechanical properties, and excellent corrosion
resistance [9, 10]. The focal point usage of titanium in the
aerospace industry is tubes, the fan turbine blade, missile
fins, and advanced aircraft and spacecraft airframes [11,
12]. Other prominent industrial applications of titanium
alloys are the automobile industry [13], the marine indus-
try [14] and space applications [15].

Although titanium possesses good mechanical proper-
ties and corrosion resistance, titanium and its alloys exhibit
weaknesses and limitations such as the stress shielding phe-
nomenon, biomechanical compatibility, reduced bio-func-
tional application or osseointegration, and inferior tribology
and low abrasion resistance [16—18]. Titanium alloys are
considered reactive materials and often generate a protective
layer spontaneously when exposed to ambient atmospheric
conditions. This inhibits the propagation of corrosion in the
presence of oxygen. However, it loses its ability to regen-
erate the protective oxide film in an anhydrous condition,
resulting in corrosion. With all these limitations, it is impor-
tant to protect the surface properties of titanium alloys, with
none or a minimal change to the overall bulk properties of
the material. Coating the surface with nanoscale or nano-
structured materials in the form of a thin or thick film is a
potential way of mitigating these shortcomings. Nanostruc-
tured thin film coatings have been investigated and reported
to increase the material's performance, improving mechani-
cal and surface properties. Consequently, they enhance the
yield of the surface reactions of interest [15].

Nowadays, titanium carbide coatings are attractive for
the technological and scientific communities owing to their
excellent properties, such as extreme thermal stability, high
melting point (3067 °C), superior surface hardness (26-30
GPa), which is greater than the typical microhardness of ZrN
(16 GPa), TiN (20 GPa), and ZrC (23 GPa). Other proper-
ties include high electrical conductivity, oxidation resist-
ance, excellent chemical stability, elastic moduli, resistance
to creep/thermal shock, low reactivities, good corrosion
resistance, low wear rate and the low friction coefficient of
TiC [19-23]. These extraordinary properties exhibited by
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TiC are associated with its high energy of cohesion and its
chemical bonding.

Diverse techniques have been established to grow thin
film on the surface and curb these demerit factors, limit-
ing the potential failure of titanium and its alloys [24]. In
this present study, TiC was sputtered on Ti6Al4V titanium
alloys at the nanoscale level using RF magnetron sputter-
ing. Depositing titanium carbide at the nanoscale on differ-
ent materials using RF Magneton sputtering has not been
widely investigated. Different characterisation methods were
used to investigate and analyse the TiC thin film coatings to
determine a suitable window sputtering parameter for the
coating process.

2 Deposition and Characterisation Process
2.1 Thin Film Coating Process

RF magnetron sputtering machine was used to deposit TiC
thin films on Ti6Al4V (90.0 Ti, 0.05 V, 0.08 C, 0.015 H,
0.40 Fe, 0.20 O, 5.50~6.75 Al, 3.50~4.50 V wt. %) sub-
strates at staggered radio frequency power, substrate heating
temperature and the process sputtering time. The Ti6Al4V
substrates were prepared using waterproof silicon carbide
papers of grits 120, 480, 600 and 1200, and afterwards pol-
ished to have an ultra-smooth surface. Furthermore, con-
taminants were removed from the surface by rinsing the sub-
strates with acetone and ethanol prior to deposition of TiC
thin film coatings. The TiC target used was of 99.5% purity
and supplied by HHV, United Kingdom. During the process,
the optimised process parameters were reached by vary-
ing sputtering power, time and temperature while keeping
other parameters such as the argon gas flow rate, base pres-
sure, working pressure and substrate-target distance were
kept constant. The RF Magnetron sputter was operated at
13.56 Hz. To further remove the surface impurities and tar-
get contaminants, pre-sputtering was implemented on every
sample for 15 min. The average thickness of the TiC coat-
ings measured using Calotest was found to be 1 um +20 nm.
The flow chart of the experimental details can be found in
Fig. 1. The experimental matrix is presented in Table 1, and
the deposition sequence for acceptable coatings is presented
in Fig. 1.

2.2 Experimental Characterisation

Field Emission Scanning Electron Microscope (FESEM)
model Gemini*2 made by ZEISS was used to character-
ise the microstructural evolutions of the thin film coatings
with a magnification of 50,000x. The surface topography
and roughness were investigated using Veeco Di2100 atomic
force microscope AFM. The AFM was performed in tapping
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Fig. 1 Experimental flow chart

Experimental Procedure

Material Selection
¢ Ti6V4 Substrate

* 99.5% TiC target (for
deposition)

Sample Preparation
+ Surface griding with silicon paper up to 1200 grit * Temperature variables
* Contaminant removal using acetone * RF power variables

Process parameter optimization

* Sputtering time variables

Sputtering
* Input Temperature

* Input RF Power
* Input Time

l

@‘—‘ Inspection for porosity and adhesion (within acceptable range)

Mechanical Properties (Destructive)

Non-destructive Investigation

* Nanoindentation (hardness) * Physical Structure (using FESEM and AFM)

Table 1 Experimental process matrix of RF magnetron sputtering

Process param-  RF power (W) Temperature Sputtering
eters °C) time (Hrs)
L1 150 80 2

L2 150 90 25

L3 150 100

L4 200 100

L5 200 80 25

L6 200 90

L7 250 100

L8 250 80 2.5

L9 250 90

working mode at the ambient condition to eliminate com-
promising the surface artefacts. The scanning and capturing
of the surfaces were done of 5x 5 um?. The x-ray charac-
terisation of the thin film coatings was performed on PANa-
Iyticals's Xpert Pro with Cu K& radiation, scanning inci-
dence of 0.02°/s from 10° to 90°, and wavelength 1.540598

» Crystal structure (using GIXRD)
* Chemical structure (using Raman Spectroscopy)

A Grazing Incidence X-ray Diffractometer GIXRD. The
Scherer equation [25] was used to determine the grain size
of the coating. The Scherer equation is presented in Eq. (1).

0.94

D = fcosf Beoshd (1)

The microstrain, dislocation density and texture coef-
ficient were also calculated from the GIXRD results.
The equations used are presented in Egs. (2), (3) and (4),
respectively.

0
Microstrain = p cos 2
. . . 1
Dislocation density = e 3)
I(hkl)/ Loy
Texture coefficient = 7 x 100% 4)
ZN " Locniy
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Fig.2 Planar view of the surface morphology of Ti6Al4V/TiC thin film coatings

where f is the full width at half maximum intensity
(FWHM), 0 is the Bragg's angle, 4 represents the wavelength
of the X-ray equipment, D is the crystalline grain size, N
is the number of reflections in the XRD, I, is the meas-
ured intensity of the plane from the TiC spectra and Iy,
is the integral intensity of the TiC sample with complete
randomly oriented (hkl) plane taken from the ICCC-JCPDS
Cards (titanium carbide no. 32-1383).

Alpha300R Raman spectroscopy microscope (WITec)
equipped with a frequency-doubled Nd-YAG laser of wave-
length 532 nm was used to measure the Raman spectros-
copy of the TiC thin film coatings. The Raman spectra
were obtained at a magnification of 50X on Nikon objec-
tives lenses. To avert the burning or damage of the thin
film coatings, a lower laser power of 2 mW was adopted,
and all the analyses were conducted at room temperature
in order. Before the acquisition of spectra, calibration and
beam centring was performed with a-Si standard (111). For
comparison and analysis, the spectrum of the substrate was
also measured.

Hysitron, Triboindenter TI950 nanoindentation was used
to determine the films' mechanical properties (hardness and
Young modulus). The measurements were taken using load-
controlled mode. The holding time was 15 s at the peak
load before unloading the indenter. The peak load was 5 N.
Berkovich diamond indenter with a tip radius of curvature of
100 nm was used. The young modulus of the TiC thin films
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was extrapolated from the measured load against displace-
ment curves using the Oliver and Pharr method [26, 27]. An
average of 16 measurements was taken at different locations
on the thin film coating for each sample. The indentation
depth was restricted to 10% of the coating thickness for all
the samples to eliminate the impact of the substrate on the
thin film coating [28].

3 Experimental Result
3.1 Physical Structure Analysis

The microstructural evolutions of the planar view acquired
from the FESEM are presented in Fig. 2. The FESEM mor-
phology images were taken at a magnification of 50000 .
It was observed that the samples produced at the same RF
power portray similar morphology and geometry features.
This indicates that the RF power substantially affects the
nucleation and the growth of TiC thin films. However, the
impact of the sputtering time and the substrate temperature
were also taken into consideration. Since RF magnetron
sputtering coating is a non-equilibrium process, having
a universal growth mechanism to describe all the coating
becomes impossible. Consequently, the microstructural
evolution behaviours under different process parameters
differ in their morphology. TiC thin films were formed on
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the substrates by condensing the TiC adatoms and growth
nucleation. The deposition, nucleation and growth mecha-
nism of the coatings rely on the bonding interaction between
the substrate surface and the condensing target adatoms. The
substrate temperature, the RF power and the sputtering time
also influence the surface mobility of the coatings. Three dis-
tinct morphological zones are noticeable for all the samples,
and these correspond to different growth zones. The first
morphological zone is noticeable with samples produced at
150 W (which are samples L1, L2 and L3, respectively). The
growth mechanism is similar to that of the Van der Merwe
pattern or the Island growth mechanism. This type of growth
model is characterised by the presence of rough and porous
surface morphology and crystallographic mismatch due to
inadequate surface diffusion of the condensing TiC adatoms
[24]. The films contain cracks and voids which grow with
an increase in the temperature for samples L1, L2 and L3.
It is assumed that the deposition rate of the condensing TiC
adatoms on the substrate surface is faster than the surface
diffusion and nucleation rate. The slow rate of surface dif-
fusion causes the clusterisation of atoms at the early stages
of the thin film growth and leads to a wide range of discreet
sizes, followed by the side-wall growth of clusters caused
by the shadowing effect. For samples produced at 200 W
(which are samples L4, L5 and L6, respectively), high-
quality uniform and continuous coverage of TiC thin film
on the substrate, with a very flat surface, and meagre cracks
were noticed for both coatings. Chemisorption was domi-
nant in the growing process with a strong bond between the
TiC adatoms and Titanium grade 5 substrates. This denotes
good or strong adhesion between the substrates and the thin
films. The TiC thin films show asymmetrical nanostructured
geometry due to the coalescence of the individual islands,
leading to continuous undisturbed columnar growth [29].
The TiC nuclei primarily grow on the substrate by Volmer
Weber or by a layer to layer growth mechanism. This growth
type arises when film atoms bond together rather than the
substrate, with a minimal breakaway from the coating [29].
This zone is characterised by dense equiaxed coatings and
uniform surfaces due to the properly controlled surface diffu-
sion growth mechanism of the TiC adatoms. The nucleation
size of the adatoms generally increases with increasing sub-
strate temperature for samples L4, L5 and L6, respectively.
As the deposition power increased to 200 W, the dynamic
of the surface growth also changes from a shadowing effect
to a re-emission process. Non-sticking TiC atoms are re-
emitted while they reach other points on the surface with
a shadowed valley included. The resputtering effect, which
involved knocking off a surface atom and the redeposition
thereof in a valley of the substrate, also occurred. The re-
emission and the re-sputtering process have a smoothening
effect on the TiC thin film coating at an RF power of 200 W.
The emerging of a new growth mode associated with 200 W

RF power could be ascribed to the enhancement and increase
surface energy and the energy of the incident adatoms. An
increase in RF power results in higher surface mobility of
the adatoms, improves surface diffusion of the adatoms,
reduces the shadowing effect around the growth region, and
reduces the porosity fraction [29, 30]. The atomic mobility
of the thin films is improved as a result of high incident
energy ion bombardment. It thereby promotes the condensa-
tion of the adatoms condensation, high densification of the
TiC adatoms. This occurs at the surface concavities, which
leads to a smoother surface and more densely packed TiC
thin films coating. Further nucleation and different growth
patterns were seen at an RF power of 250 W, samples L7,
L8 and L9, respectively. Two types of TiC thin films crystal
morphology co-exist within the coating layers. This type
of coating morphology was also reported by Baric et al.
[31] in their work. The samples show high film densifica-
tion, with an equiaxed structure at the bottom and a large
scanty partially destructed columnar structure at the top,
compared with an evenly distributed coating observed at
the RF power of 200 W. This means that both parallel and
perpendicular modes were dominant in the formation of the
TiC thin film coating on the substrates. The parallel mode
was caused by the surface diffusion of the adatom, which
might be responsible for the equiaxed grain seen at the bot-
tom [29]. The perpendicular mode involves the impinge-
ment of the incident TiC adatoms, causing the perpendicular
growth of another layer, and the probability of new clusters
formation arises [29]. This phenomenon is analogous to the
Stranski- Krastanov (S-K) growth mechanism [32]. The
shadowing and re-emission effects show to be the dominant
growth pattern for the TiC thin film at 250 W power. The
irregular grain shape and the orientation noticed at 250 W
could also be attributed to agglomeration and the coales-
cence of new atoms. The effect could have been caused by
the atomic peening effect. The heterogeneous nature of the
process parameters leads to the larger size of the sputtered
particles and the formation of new layers.

The AFM surface topography provides more information
on the surface roughness at the nanoscale level. The 3D sur-
face topography of the height images TiC thin film coatings
are represented in Fig. 3. The AFM artefacts of the thin film
coatings exhibit columnar surface topography. These colum-
nar structures developed in two directions, namely the lateral
and vertical direction as seen in the Figures. The formation
of the columnar structure observed is in agreement with the
microstructural evolution observation. From AFM images,
the concentration of the Titanium carbide nanoparticle
coatings increases as the deposition power, temperature and
sputtering time increase. Samples L1, L2, and L3, produced
at 150 W, show high dominance of both peaks and valleys in
the surface topography. From observations, once the power
increased to 200 W in samples L4, L5 and L6, the TiC
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Fig.3 AFM 3D height surface topography of Ti6Al4V/TiC thin film coatings

coatings covered more surface areas with a reduction in the
concentration of valleys and increment of the peak regions.
The decrease in the valley could be attributed to the resput-
tering effect caused by the high energy of the impinging
adatoms. As the process parameters increase, more adatoms
are ejected from the TiC targets. These adatoms strike the
condensed atoms on the surface of the substrates, thereby
causing the redistribution and re-condensation of the atoms

Table2 AFM statistical results for Ti6Al4V/TiC thin film coatings

S/N Mean RMS (nm) Maximum Surface Coefficient
roughness height skewness  of kurtosis
(nm) (nm)

L1 28.13 36.69 231.78 0.109 3.525

L2 35.65 44.99 335.69 0.101 3.202

L3 20.72 26.45 207.18 0.193 3.684

L4 12.496 14.31 176.24 0.358 2.660

L5 11.68 14.66 132.70 0.131 3.394

L6 12.34 15.96 186.33 1.387 3.154

L7 17.19 23.72 203.08 1.740 3.857

L8 25.39 32.62 199.46 0.177 3.070

L9 20.80 27.05 171.17 0.170 3.261
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lower valleys or regions on the substrates. At 250 W, most
of the valleys observed at lower power have been filled up
with TiC nanoparticles coating. The reduction in the valleys
and better surface area distribution of the TiC coatings with
an increase in power can be attributed to the faster ejection
of TiC atoms from the targets and increase in the rate of
condensation of the adatoms on the substrates. The surface
diffusion of the TiC nanoparticles increases with power,
leading to an increase in growth rate and TiC concentration
on the surface. Chawla et al. [33] reported that the adatom
mobility and deposition rate increase with RF power. Such
phenomenon results in the growth of finer crystallite size
with homogenous distribution of the thin films. In addition,
the TiC films agglomeration become thicker and denser with
an increase in deposition time. An increase in time has been
reported to improve grain growth, reduce surface roughness,
and increase the film coatings' density [34]. Clustering and
roughening were also noticed in the films with each increase
in temperature in all the coatings.

The statistical surface topography result of the thin film
coatings, such as surface roughness (mean and RMS), maxi-
mum height, surface skewness and coefficient of Kurtosis
are collected and presented in Table 2. The surface rough-
ness for Ti6Al4V/TiC thin film ranges from 11 to 60 nm.
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The high roughness value at samples produced at 150 W was
due to the formation of deep channels and the island growth
morphology on the film surface. However, from the sur-
face topography in this study, it is also established that the
surface roughness reduces with an increase in the process
parameters. The increase in process parameters results in
smoother film surfaces and a reduction in surface roughness.
The least roughness on the surfaces considered was found at
arange of samples produced at 200 W (samples L4, L5 and
L6). Samples produced at 200 W have uniform surface dis-
tribution and smoother surface, contributing to the surface
roughness behaviour. The asymmetry and flatness profiling
of the samples were also analysed using the surface skew-
ness, which measures the profile symmetry about the mean
line and the kurtosis coefficient of the film coatings, which
measures the surface sharpness of the film coatings.

To have a perfectly symmetrical height profile, the sur-
face skewness should be zero. However, suppose the height
profile distribution of the surface is asymmetrical and char-
acterised with more peaks than valleys. In that case, the
Skewness moment is positive, and if the surface valleys are
predominant with minimal peaks, the Skewness is negative.
From the AFM statistical analysis, the values obtained for all
the coating are positive. This denotes that the coatings con-
tain more peaks of TiC thin films than the valley. There are
terms associated with the roughness of surfaces. The term
Mesokurtic is referred to a Gaussian amplitude distribution
when the Kurtosis coefficient is 3. It is referred to as Plat-
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Fig.4 GIXRD spectra of Ti6Al4V/TiC coatings

ykurtic when the distribution shows a Kurtosis value of less
than 3. If the Kurtosis exceeds 3, it is called leptokurtic, and
the surface has more peaks than valleys. The predominant
mode for all the coatings is leptokurtic, suggesting that the

surface of the TiC thin films are concentrated with extreme
peaks of TiC thin films distribution.

3.2 Crystallinity Analysis

GIXRD analysis of selected samples is presented in Fig. 4.
The (200) orientation plane is found to be the main prefer-
ential orientation peak in all the coatings. Other noticeable
orientation peaks from the GIXRD analysis are (110), (220),
(311) and (222) diffraction peaks. All these peaks are associ-
ated with TiC thin film. This validates the purity and stabil-
ity of the TiC target during deposition. To further quantify
the crystalline quality of the films, some parameters, includ-
ing the diffraction angle (2theta), d-spacing, full width at
half maximum (FWHM), crystalline size, dislocation den-
sity, microstrain and texture coefficient of the TiC thin film
produced using different process parameters were analysed
and presented in Table 3. The texture coefficients (TC) of
all the main diffraction peaks were calculated. The texture
coefficient is calculated using the equation of the Harris for-
mula [35, 36]. For a standard sample, the texture coefficient
is one for all the (hkl) orientation planes. The maximum
texture coefficient was found in the (200) plane, showing
the appreciably high preferential orientation of the TiC film.
The value of the TC indicates the surface of the coatings
with the most effective peaks in the GIXRD analysis. The
calculated grain sizes of the TiC thin film crystallite using
the Debye—Scherrer are also presented in Table 3. The least
grain size range was found at samples produced at 200 W.
Resputtering of the TiC adatoms can occur on the thin film
if the process parameters are increased, and this could cause
the formation of TiC grains of different sizes and geometry.

The possible reasons could be the penetration of
encroaching ions into the lattice structure of the condensed
film and the reduction in the generation of pores and defects.
This action would lead to an increasing count of preferential
nucleation sites, which could result in smaller grains [37].
The microstrain and the dislocation density of the TiC thin
films were also calculated. The microstrain is a manifesta-
tion of the dislocation network and the stress in the films by
producing a local strain close to the defect. The dislocation
density has been described as the number of dislocation lines
per unit volume. The outcome of the dislocation density
shows the different degrees of variance in the behavioural
pattern of the TiC coating. The outcome tends to reduce for
most of the coating as the deposition parameters increase,
which indicates a reduction in the lattice deficiency, and
it exhibits good crystallinity. The d-spacing obtained from
the GIXRD investigation was compared with the standard
ASTM d-spacing of titanium carbide. Comparing the TiC
thin films d-spacing with the standard ASTM structure
shows that the d-spacing of the (200) preferential orientation

@ Springer



138 Page8of11

Journal of Bio- and Tribo-Corrosion (2021) 7:138

Table 3 GIXRD data for TiC coatings on Ti6Al4V

Experi- 20 (°) d spacing (A) D ASTM (10\) FWHM (°) (hkl) Crystalline Dislocation density Micro strain  Texture
mental size (nm) (8) (Lines/m?)x 10" (e)x 107 coefficient
run
L2 40.4199 222977 2.1637 0.0624 200 135.66 0.5433 2.5551 8.72
L3 40.2929  2.23650 2.1637 0.1872 200 45.20 4.8940 7.6684 8.16
L4 40.3925  2.2312 2.1637 0.0936 200 90.44 12.2271 3.8330 6.08
L5 40.3604  2.2329 2.1637 0.078 200 108.51 0.8493 3.1945 5.61
L8 40.3243  2.2367 2.1637 0.1663 200 50.89 3.8614 6.8116 6.14
L9 40.3726  2.2323 2.1637 0.078 200 108.52 0.84922 3.1943 5.35
— plane of graphite and stretching vibrations of all the sp2
Tic b ¢ —L2 bonded atoms in both the rings and the chains [39]. The high
= :ti intensity of the Raman broad bands was visible for those
5 —15 samples prepared at a 150 W RF power. The enhancement of
g W — tg the intensity in these samples may be attributed to the pres-
2\ — 18 ence of amorphous carbon. Raman vibrations are inactive in
é vy — I[Zub stoichiometric TiC compounds due to inverted symmetrical
é W nature [40—42]. These are seen in the Raman spectra of L4
£ Mo and L5. The lack of high peak intensities in the samples
& L4 and L5 represent the high crystallinity in the TiC film.
However, the formation of TiC/C peaks was detected by the
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Fig. 5 Raman spectroscopy of Ti6Al4V/TiC coatings

plane for all the coatings analysed is above the standard val-
ues. A shift to upper values confirms the existence of tensile
stress in the thin film coatings.

3.3 Raman Structure

To complement the GIXRD analysis of the TiC thin film
crystallinity, Raman spectroscopy analysis was done. The
spectra of the coating are presented in Fig. 5. Each spec-
trum was measured within the range of 100-2500 cm™" with
785 nm excitation light. For each coating, amorphous carbon
peaks were visible between the band 1000 and 1900 cm™".
disordered D- band and graphitic G- bands peaks of amor-
phous carbon were observed at wavelength 1420 and
1530 cm™!. The peaks are due to the presence in the films of
sp2 bonds only [38]. The assignment of the D and G modes
are to indicate the molecular structure of carbon defect, and
these bonds are present in all the TiC thin film samples,
except for the L4 and L5. The D-band is usually responsible
for the structural defect and crystalline disorder associated
with amorphous carbon in graphites. This coordinates the
breathing vibrations of the carbon atoms in the aromatic
rings. The G band corresponds to the edge site and the basal

@ Springer

Raman investigation in the remaining samples. Those peaks
which correspond to the characteristic features of the TiC
compound were found at 245, 610 and 760 cm™". These are
activated by defects like carbon vacancies, which can anni-
hilate the inversion symmetry, and they make some carbon
atoms displaced according to Raman active in the crystalline
materials [39, 43, 44].

3.4 Mechanical strength

The nanohardness response parameters values were calculated
from the load vs displacement relationship, and the values
are presented in Table 4. The tables present the values of the
hardness (H), Young modulus (E), plasticity index (H/E),
wear resistance (H>/E?), maximum displacement (H,,,,), final
residual indent displacement (H,,,), % elastic recovery and
plasticity. The hardness values increase with the increase in
RF power from 150 to 250 W from the analysis of the results.
The samples (L1, L2 and L3) produced at 150 W RF power
exhibit lower hardness values compare to samples produced
at RF power of 200 W (L4, L5 and L6) and 250 W (L7, L8
and L9), respectively. Several reports have established differ-
ent mechanisms that can improve the mechanical properties
of thin film coatings. These mechanisms are interfacial crack
deflection, microstructural homogeneity, suppression of dis-
location motion, and Hall-Petch strengthening [45—49]. It was
noticed that microstructural homogeneity is the predominant
mechanism for determining the hardness behaviour of the TiC
thin films. The change in the nanohardness properties of the
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Table 4 Measured.and Sample  Hardness H{GPa) =~ Young modu- Wear resistance Plasticity % Elastic  Plasticity

Calculat.ed rn‘ecbamcal lus E (GPa) H3/E? (GPa) index H/E  recovery

properties of Ti6Al4V coated

with TiC thin film at different L1 9.17 192.81 0.021 0.048 26.87 73.13

powets L2 7.80 210.64 0.011 0.037 21.39 78.61
L3 12.89 142.97 0.105 0.090 38.75 61.25
L4 22.27 176.00 0.356 0.127 64.97 35.03
L5 18.26 236.53 0.109 0.077 41.73 58.27
L6 10.49 157.67 0.046 0.067 31.56 68.44
L7 19.37 248.85 0.117 0.078 48.88 51.12
L8 18.61 200.08 0.161 0.093 56.22 43.78
L9 16.26 131.83 0.247 0.123 46.89 53.11

samples is directly related to the microstructural evolution
of the samples. Samples produced at 200 W experienced a
resputtering effect, resulting in smaller and stable nanostruc-
tured grain size, denser film coating and better homogene-
ity with strong interfaces. This will cause resistance to the
mobility of plastic deformation across the boundaries of
grains within the matrix. In this kind of condition, a mas-
sive amount of mechanical energy would be required to cause
plastic deformation, indicating lower penetration depth and
improved mechanical properties. Caicedo et al. reported that
the existence of grain structures at the nanometer scale in
polycrystalline materials causes large-volume fractions of
grain boundaries. The grain boundaries initiate dislocation
pile-up and hamper dislocation motion. This results in resist-
ance to plastic deformation and improves mechanical prop-
erties [50]. The least hardness values were observed in sam-
ples L1 and L2, respectively. These samples were prepared
at 150 W RF power, and the TiC microstructural evolution
were characterised by tunnels and crack. The presence of tun-
nel and cracks cause weakness in the bonding strength of the
thin films, thereby reducing the hardness resistance of the TiC
thin films due to lower resistance to deformation and deeper
penetration of the indenter. The areas between loading and
unloading curves and maximum depth decrease as the nano-
hardness increases from the load—displacement plots. There
is variance in the Young moduli of coatings even though they
are of the same material composition. However, this differ-
ence can be attributed to a change in the crystallinity nature of
films and phase composition as a result of varied power [51].
Therefore, a reduction in the elastic recovery was visible in the
films as a result of an increase in elastic modulus. The reduc-
tion will also influence the resistance of the indenter to reach a
maximum depth and a resistance to plastic deformation. Other
related calculations of the mechanical behaviour were evalu-
ated to get a more in-depth understanding of the mechanical
properties. The plasticity index (H/E ratio or elastic strain
to failure) was developed and used to describe the material
failure mechanism. At the same time, the wear resistance of a
thin film can be calculated from hardness and Young modulus

ratio (H*/E?) and gives information on the resistance of the
material to plastic deformation [52, 53]. The elastic recovery
(ER) of the film was determined using Eq. (5) [46], and the
plasticity, which is the ratio of the plastic displacement over
the total displacement in the load—displacement curve, was
evaluated using Eq. (6) [54]

h, .—h.,
Elastic recovery (%) = —— x 100

_ elastic deformation 100
total deformation (5)
h lastic d ti
Plasticity (%) = ~12. x 100 = Llastic deformation
R total deformation

(6)

From the analysis of the mechanical properties of the
coating, it is noticeable that the microstructure and mechani-
cal properties of the coating rely on the interaction of the
process parameters used. The interaction between these
mechanical responses is illustrated in Fig. 6. From the graph,
it can be concluded that a raise in nanohardness produces a
raise in H/E, H3/E2 and elasticity recovery. Meanwhile, the
thin film coating plasticity reduces with an increase in hard-
ness. Furthermore, it has been established that a high H/E
ratio suggests an excellent resistance to tribological failure
[55, 56]. A decrease in the plasticity and increase in the elas-
tic recovery of the coating indicates an improvement in the
coatings' resistance to both elastic and plastic deformation.

4 Conclusion

The research investigated the effect of sputtering on the per-
formance effectiveness of TiC thin film coated on grade 5
(Ti6Al4V) titanium alloys using RF magnetron sputtering
under different deposition process parameters. In conclusion,
the following findings were observed;

@ Springer
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Fig.6 Graphical representation 25
of the measured and calcu-
lated mechanical properties of
Ti6Al4V coated with TiC thin
film at different powers

(a)

(b)

(©)
(d)

L L2 L3 L4

For the physical structure, the FESEM morphology
revealed three different growth patterns which depend
on the process parameters. Analysis of the roughness of
the samples at the nanoscale level performed by AFM
agreed with the FESEM results. The topography of the
coating shows different growth directions.

In the case of crystallinity, the (200) preferential ori-
entation plane was visible in the GIXRD analysis and
thereby contributed to an effective coating as d-spacing
values are above the prescribed for TiC according to the
ASTM standard.

Raman spectra confirm the presence of both D and G
band modes. D-band was not visible in L4.

The hardness improves with an increase in the process
parameters. The mechanical strength of sample L4
which is a function of physical and chemical structures
outperforms other process parameters considered in
this research.
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