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Abstract

The coating of Ti/TiN was successfully deposited on Ti-51 at% Ni substrates by using direct
current (DC) magnetron sputtering technique and the effect of different sputtering power on the
thickness, surface hardness and adhesion strength of the coatings were studied. The microstructural
characterization was carried out using scanning electron microscope (SEM), energy-dispersive X-ray
(EDX) and X-ray diffractometer (XRD). The coating thicknesses were detected and measured using
SEM. The surface hardness test was performed using microhardness tester, and the adhesion strength
was carried out by scratch testing. The results showed that the TiN crystallites growth orientation,
thickness, surface hardness and adhesion strength are influenced by sputtering power. As power
increased from 300 W to 370 W, peaks at (111), (200) and (311) increased while peaks at (200) and
(222) decreased, substrate hardness increased by 53.42%, thickness increased from 2.278 pm to 2.389 um,
and adhesion strength also increased from 3000 mN to 3998 mN. Meanwhile, a decrease in thickness,
hardness, adhesion strength, all the peaks and total disappearance of peak (222) were all noticed

Adhesion at 440 W.

1. Introduction

The use of near-equiatomic TiNi alloys, with nickel composition
from 48% to 51% as biomaterials for implants is extensive because
of their outstanding mechanical properties, high corrosion resistance,
biocompatibility and their ability to exhibit shape recovery behaviour
known as shape memory effect and superelasticity [1,2]. Additionally,
Ti-Ni's ability to recover a substantial amount of strain (8%) when
heated to body temperature is one of the mechanical properties that
are almost like that of natural biomaterials, such as bone [3,4].
However, Ti-Ni shape memory alloys were restricted in the broader
medical applications [5], despite their use as a biomaterial for a long
time, this is because many research reports about Ni have shown that
it can cause hypersensitivity to the human body due to its toxicity
and allergenicity [6]. Many researchers have equally expressed
concerns about the release of Ni ions from the Ti-Ni alloy's surface
[7]. The toxic effect of high Ni concentrations in Ti-Ni alloys on soft
tissues' structure will harm bone structures [8]. To overcome these factors
limiting the application of Ti-Ni in bio-implants, different surface
modification of Ti-Ni such as Physical Vapour Deposition (PVD),
lon Implantation, Chemical Vapour Deposition (CVD), Nitriding and
Plasma Spray coating, are widely used [9-15]. In the list of coating
methods, PVD magnetron sputtering technique proved to be more
encouraging because of its low processing temperature which is
typically in the range of 200°C to 400°C [16] on various coating
thickness ranging between 0.5 pm and 3.0 wm [17-19]. The coating
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features of PVVD magnetron sputtering can be regulated by controlling
deposition parameters, such as temperature, input power, gas flow
rate and substrate bias voltage [20].

Ti-N coating falls into bio-active coatings, enhancing both biological
and mechano-chemical behaviours of Ti-Ni in its applications to the
body [21]. Moreover, some of Ti-N properties, such as wear, and
corrosion resistance are substantially higher than some bio-compatible
compounds such as titanium carbide and titanium oxide [22,23].
Therefore, TiN is a bioactive coating that can minimise Ni ions' release
from Ti-Ni surface and improve its corrosion resistance [24].

This work focuses on the effect of different deposition power on
the thickness, surface hardness, and adhesion strength of Ti-51 at% Ni
coated with TiN using the DC magnetron sputtering methods.

2. Experimental

2.1 Sample preparation

The substrate material used for the research was Ti-51 at% Ni
supplied by Stanford Advanced Materials, USA and received as a product
of a casting process in the form of a plate. The as-received Ti-51 at% Ni
was cut into 15 mm x 15 mm length and 3 mm thickness by Electric
Discharge Machining (EDM) wire cut for materials characterisation
and aPVD coating. Samples for materials characterisation were prepared
following standard sample preparation methods, including grinding
on silicon carbide papers from grit no 220 to 1000 followed by polishing
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on a polishing cloth with colloidal silica suspension. When a mirror-
like surface was obtained, the sample was subjected to etching for
30 s to 45 s in an etching solution (HF:10, HNO3:40, H20:50).

The Sample for magnetron sputtering coating was prepared
following the same procedure used in the sample preparation for
Optical Microscopy (OM), and Scanning Electron Microscopy (SEM)/
EDX exclusion of etching process carried out in the sample preparation
for optical microscopy.

The substrate's initial surface to be coated was conducted by
using surface roughness tester "SJ-310 Mitutoyo, Japan" to make sure
that the surface roughness (Ra) before the coating was lower than
0.1 pm, this is to allow for better adhesion and less friction [25]. Before
coating, the already prepared sample was further cleaned ultrasonically
in acetone, alcohol, distilled water and then dried afterwards before
being placed on the substrate holder of the magnetron sputtering
system (TF450 Sputtering System, SG Control Engineering, Singapore).
This cleaning process was carried out to eliminate contaminants from
the substrate surface, increase the surface reactivity that is likely to
occur and allow strong chemical bonds to form. Some of the substrates
were partially covered using tape for thickness measurement.

2.2 Coating Process

The Coating of TiN substrate on Ti-51 at% Ni alloy with the aid
of the DC magnetron sputtering system was carried out at the Surface
Engineering Laboratory, University of Malaya, Kuala Lumpur.
The system has a vertical setup with dual switchable services of DC
and RF targets having 12 cm above the substrate holder. In these
experiments, Ti disc of 101.6 mm diameter with a purity level
of 99.99% and the 3 mm thickness was used as a target. The process
of deposition was started by vacuuming the chamber down to a base
pressure of 2.85 x 10 Torr. Afterwards, argon gas was purged into
the chamber to form the plasma used on the target's surface to etch the
native oxide layer. To remove any remaining surface contamination,
the substrates were bombarded with ions in an argon flow discharge
for 15 min at a negative bias voltage of -75 V. The substrates were then
heated gradually to the required temperature of 200°C. The deposition
of TiN which was performed in a mixed N2-Ar atmosphere at ratio
1: 5 was done by sputtering the Ti target coupled to DC power supply.
The substrates were removed when the chamber's temperature was
at room temperature and then taken for subsequent characterization.
Table 1 summarizes the experimental conditions for producing
TiN-layers. Under these conditions, the creation of stoichiometric
gold-coloured TiN coating was possible, hard and dense coating
was achieved.

2.3 Materials Characterization of coated and uncoated
Ti 51 at% Ni

The Ti-51 at% Ni microstructure was examined with the aid of
an OM, Olympus BX60. SJ-310 Mitutoyo. SEM/EDX was used
to detect the uncoated sample surface morphology and elemental
composition the coated sample's cross-sectional morphology to
determine the coating thickness. EDX analysis in area scan mode
was also used to determine the elemental distributions of Ti, Ni, N,
and O. The profiles of the elements were determined across the layers

Table 1. Sputtering parameters for TiN deposition.

Parameter
Power Temperature Bias Pressure Time
W) °C) V) (mTorr) (min)
300 200 75 5 240
370 200 75 5 240
440 200 75 5 240

from the bulk to the surface of the coating. X-Ray Diffraction (XRD)
study was carried out to determine the phases and the crystalline
structure of the coated Ti 51 at% Ni sample. The study was carried out
by utilizing Rigaku Smart Lab X- Diffraction equipment with a 40 kV
tube voltage and a 30 mA tube current using a monochromatic X-ray
source of CuKal (a.=1.5406 A) radiation. The range of scanning angle
20 was between 30° and 90° with a step of 0.10°. The diffraction pattern
obtained was reported on the graph as peaks.

2.4 Hardness test

The hardness test for the coated and uncoated sample was conducted
in a Microhardness tester (SHIMADZU Micro Hardness Tester, HMV-2
Series) at the Surface Engineering Laboratory, University of Malaya,
Kuala Lumpur. The specimen to be examined was mounted on an anvil
with a base of screw thread. The test was conducted by applying a
controlled force of 1.9 N for 5 s with a square-based diamond pyramid
indenter whose opposite sides converge at an angle of 1360 at the apex.
The resulting indentation diagonal was determined under a microscope.
The above steps were repeated three times at different locations on
the coated and uncoated specimens, and the average vickers hardness
value was recorded. For verification purposes, the measurement and
the test load were used to manually calculate the vickers hardness
value in a particular formula, as shown in formula (1).

HV=0.1891*F /d’ 1)

Where d is the average of the two imprint diagonals, and F is the load
applied

2.5 Scratch adhesion test

The scratch adhesion test assesses the integrity and mechanical
reliability of coated surfaces. The adhesion strength between substrate
and coating is measured by employing the scratch test, also known
as a quantitative technique. It is defined as total coating failure and
commonly referred to as critical load (Lc). In this work, a scratch test
machine manufactured by Micro Material Ltd. (Micro Material Nano
test, Wrexham, UK) using a 25 pum sphero conical diamond indenter
and 900 as an indenter was used to measure the adhesion strength
of the TiN coated on the Ti-51 at% Ni. The test mode was a horizontal
scratch with a single pass. In the test, a load of 4000 mN with a scanning
length of 1000 pm and a loading rate of 3 mN-s was applied on the
coating, the coating failure was confirmed by comparing a depth graph
versus distance with a scratch micrograph obtained using an optical
microscope (Olympus BX 61). The coating failure was determined
by matching the critical load (Lc2) in the micrograph to the onset of
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coating failure. Lc2 indicates the adhesive failure point and indicates
the strength of the interfacial adhesion in this coating/substrate system
and is known as scratch adhesion strength [26].

3. Results and discussions
3.1 Characterization of uncoated and coated Ti-51 at% Ni

The results of characterization of the microstructure, indicated
that the optical micrograph of the uncoated sample and its grain size
distribution shown in Figures 1(a) and (b) respectively, is equiaxed
having precipitate along the grain boundaries with an average grain

size of 219 £ 65.2 pum calculated from ImagelJ software. The FESEM
microstructure shows the morphology of grain boundary precipitation
and EDX spectrum indicated that the uncoated Ti-51 at% Ni consist
mainly of Ti and Ni elements, as shown in Figures 2(a) and 2(b),
which are homogenously distributed as illustrated in the mapping
shown in Figures 2(c) and 2(b). Cross-sectional views of Ti/TiN
coating at different DC powers shown in Figures 3(a, b and c), exhibit
dense structures without any visible cracks or voids between the
substrates and the coatings. The FESEM cross-sectional measurement
showed that the different coating condition produced a different
thickness. The EDX cross-sectional element line scan, which starts
at the substrate and ends at the top layer shows N, O, Ti and Ni as

(b) 18
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57.36 | 62.25
42.64 | 37.75
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Figure 2. (a) SEM image of uncoated Ti-51 at% Ni, (b) EDX, mapping and (c) Ni (d) Ti.

J. Met. Mater. Miner. 31(3). 2021



Effect of DC power on the thickness, hardness and adhesion strength of Ti-51 at% Ni coated Ti/TiN

@)

H1=2278pm | H2=1.706 pm

0.

124

71 pm

Ti-51at%Ni

1 pm

—_

EHT= 1500 kV
WO = 10.8 mm

Signal A= NTS BSD
Mag= 1000KX

Date :2 Jul 2020
Time :10:09.57

(b)
[ 11— 2.389m |

fo ]
stk

H 3 =0.5359um

Ti-51at%Ni

EHT = 1500 kV
WD= 86 mm

Signal A=NTSBSD  Date 6 Jul 2020
Mag= 1000KX Time :11:1823

/

Ti

Ti-51 at% Ni

EHT = 15.00 kV
WD= 88 mm

Signal A= NTS BSD
Mag= 10.00 KX

Date :6 Jul 2620
Time :14:50:42

121

N K
oK
NiL
TiK

500

400

300 Substrate Resin

Coatina

200

100

0

00 05 10 15 20 25 30 35 40 45
Distance (um)

NK
OK

500 NiK
TiK

400 :

Resin

300

200 Coating

100
0
0.0 0.5 1.0 15 2.0 25 3.0 35
Distance (um)
N K
4 OK
140 4 . . TiK
E 1 . NiK
120 4 Substrate 1 Ti I Resin
F 1 l
100 1 )
E 1 1
800 4 ! ) Coating 1
600 3 L :
400 A :
200 3 !
E 1
0 1
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

Distance (um)

Figure 3. Cross-sectional FESEM images and line scanning of Ti/TiN coating with different DC power: (a) 300 W, (b) 370 W, and (c) 440 W.

the elements observed during the scanning process. The diffusion
rate of all the elements are illustrated in Figure 3. The coating zone
which is sub divided into Ti and TiN shows the behaviours of the line
profiles of all the elements. The scanning showed that oxygen (O) and
nitrogen (N) were present and their concentration increased gradually
from the substrate to the final TiN layer. The Ti interlayer is very soft;
it requires the mixing of nitrogen to enhance the interlayer's strength
and hardness [27]. As the level of nitrogen doping increases, there
is a general trend that the Ti interlayer's hardness increases, which
is clearly due to the dissolution of nitrogen in the a-Ti lattice, that causes
the solid solution to harden in the interlayer [28]. The improvement
obtained in adhesion strength can be attributed to the increased strength
of Ti interlayer-influenced nitrogen. As the Ti interlayer's acquired
oxygen decomposes the native oxide film on the substrate's surface,

the coating and substrate's adhesion are also improved. The Ti interlayer
becomes stronger with nitrogen gas and can provide increased support
for the TiN coating, resulting in increased adhesion strength.

The result of the XRD analysis establishes the coating of Ti/TiN
on the Ti-51 at% Ni sample at different DC power rate, as shown in
Figure 4. The TiN-coated sample shows strong crystalline peaks
which are detected at about 36.3°, 42.7°, 61.6°, 73.7°, and 77.32°
corresponding to (111), (200), (220), (311) and (222) crystal planes of
face centered cubic lattice respectively, having only TiN peaks present
in the coating with space group 225: Fm-3m [29] which are consistent
with file no ICDD 03-065-5759. These results are remarkably similar
to TiN coatings deposited using magnetron sputtering and other
PVD methods by other researchers [30-34]. The (111) orientation of
TiN films is usually associated with the lowest strain energy, (200)
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Figure 4. XRD spectrum of TiN coated on Ti-51 at% Ni at (a) 300 W, (b)
370 W, and (c) 440 W.

orientation is attributed to the lowest surface energy, and (220) occurs
due to the lowest stopping energy which becomes dominant only when
the deposited ion energy is high enough for the (220) peak to be observed
[35]. As shown in Figure 4, (220) is the dominant preferred orientation
observed, which indicates that the ion energy is sufficiently high at
the DC power of 370 W and weak at 440 W. As DC power increased
from 300 W to 370 W, as shown in Figures 4(a) and (b), peak intensities
(111), (200) and (311) increased, while peak intensities (200) and
(222) decreased. Meanwhile, the decrease in all the peaks and total
disappearance of peak (222) was noticed in 4(c). The decrease in the
film's crystallinity at 440W could be attributed to high-power sputtering
that may likely cause a decrease in deposition rate and consequently
causing low peaks formation. The preferred crystalline structure and
orientation were further studied using the texture coefficient (TC)
expression [36] :

I(hkd) /1o (hkd)

TC(hkl) = %VZI(hkl)/lo(hk/)

@
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Where TC (hkl) represent the texture coefficient for a particular
reflection, I(hkl) is the peak intensities from the samples, lo(hkl) is
the intensity of a plane (hkl) referenced in ICDD card 03-065-5759,
and N is the number of diffraction peaks that are taken into account
when calculating the results.

The Texture coefficients calculated for (111), (200), (220),
(311), and (222) planes at various DC power and film thickness are
detailed in Table 2. The results show that maximum preferred orientation
of the films along the (220) diffraction plane is indicated by the high
value of TC along (220) planes at 370 W and 2.389 um in thickness.
This implies that the increased number of grains along that plane is
related to the increase in preferred orientation. The TC is also seen
to be influenced along (111) crystal orientation by the change in the
film density and DC power. The higher the texture coefficient, the
more preferred orientation of the films along that diffraction plane.

3.2 Effect of power on the thickness of Ti/TiN coating

The Ti-51 at% Ni, coated with T/TiN under different power rate,
as shown in Figure 5 indicated that deposition at 370 W gave the
highest thickness while at 440 W had the lowest thickness. It was
observed that with the increase in DC power from 300 W to 370 W,
the thickness also increased from 2.278 um to 2.389 wm. However,
when the DC power was increased to 440 W, the coating thickness
decreased to 2.066 um. The decrease in thickness could be attributed
to a sharp drop in the sputtering rate due to high-power sputtering.

3.3 Microhardness test

The hardness test results on uncoated and coated Ti-51 at% Ni
using microhardness tester (SHIMADZU Micro Hardness Tester,
HMV-2 Series) showed that the hardness of the substrate increased
with increase in DC power from 300 W to 370 W and decreased
relatively with further increase in DC power to 440 W. The lower
density of the thin film at 300 W and lower texture coefficient at
the low strain energy plane could explain the coating's higher hardness

Table 2. Texture coefficient calculated for TiN film at various DC power, thickness and density.

DC No. h k | d-spacing 2Theta Height Size TC | Thickness Density
Power A) (deg) (count) A) (hk) (%) (um) (g-cm®)
300 W 1 1 1 1 2.453 36.61 240 213 0.116 12

2 2 0 0 2.124 42.53 443 117 0.216 22

3 2 2 0 1.498 61.90 1125 154 0.548 55 2.278 4.37

4 3 1 1 1.279 74.00 117 125 0.059 6

5 2 2 2 1.233 77.31 125 106 0.061 6
370 W 1 1 1 1 2.458 36.52 407 131 0.155 16

2 2 0 0 2.125 42.50 275 96 0.105 11

3 2 2 0 1.501 61.73 1758 116 0.669 67 2.389 5.35

4 3 1 1 1.281 73.90 181 92 0.069 7

5 2 2 2 e e e e e
440 W 1 1 1 1 2.455 36.56 328 164 0.303 30

2 2 0 0 2.123 42.54 219 87 0.201 20

3 2 2 0 1.500 61.78 472 111 0.431 43 2.066 5.36

4 3 1 1 1.280 73.98 74 90 0.066 7

5 2 2 e P
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at 400 W when compared to deposition at 300 W. The optical micrograph
showing the area influenced by the micro indentation and hardness
value of Ti-51 at% Ni before coating and after coating are shown in
Figure 6 (a) and (b). The increment in surface hardness after coating
showed that deposition at DC power 370 W increased by 53.42%,
indicating the highest hardness. Table 3 shows the average hardness
computation and their percentage increment.
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Figure 5. The effect of power on: (a) Thickness, (b) Hardness and (c) Adhesion.

3.4 Scratch adhesion Test

Scratch test was performed on TiN-coated Ti-51 at% Ni sample
to determine the adhesion strength at 300 W, 370 W and 440 W DC
power. The amount of adhesion strength between Ti-51 at% Ni
and TiN was determined by the total coating failure (Lc2). Figure 7
displays the scratch track and the residual scratch track profiles in
terms of load and depth with regards to scan distance. The line drawn
indicates the sudden graph change that matches the coating failure
startup. The critical loads in which the failures occur depend not only
on the strength of the coating adhesion but also on other parameters,
such as the traverse speed, the rate of increases in normal force and
diamond-tip wear linked to the scratch test itself [37].

During the scratch test, the scratch length was 1,000 um and
3000 mN to 4000 mN load with a loading rate of 3 mN-s™%. The test
result shows adhesive failure at the distance of 946.66 um, 807.64 um
and 852.76 um with critical load (Lc2) of 3000 mN, 3998 mN and
2825 mN respectively as shown in Table 4; this indicates that the
deposition conducted at 370 W gave the highest adhesion strength.
As power increased from 3000 W to 370 W, adhesion strength increased
from 3000 mN to 3998 mN and decreased to 2825 mN when the power
was increased to 440 W. The decreasing trend in the values of properties
observed in thickness and hardness measurements could be linked
to other parameters that are deliberately kept constant to observe only
the effect of DC power. Increasing the DC power under constant
pressure, increases the ion concentration in the chamber. The rate
of sputtering rate increases as more power is applied. When power
is increased further, it reduces the sputtering due to back-diffusion.
As the power increased to 300 W and 370 W, more energy was gained
by the electrically charged ionised and sputtered particles, which
increased the sputtering rate and improved the thickness, adhesion
strength and surface hardness. Alternatively, when the power increases
further to 440 W, an increase in the collision between chamber
particles and sputtered particles was observed. Consequently, there
is a significant drop in the sputtering rate due to high power sputtering,
which eventually led to a decrease in thickness, adhesion strength
and surface hardness.

Figure 6. Optical micrograph showing the area influenced by the micro indentation and hardness value of Ti-51 at% Ni (a) before coating, and (b) after

coating.
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Table 3. Average hardness computation.

Parameters Uncoated Coated

Power (W) 300 370 440
First reading 132 301 438 344
Second reading 199 294 379 350
Third reading 222 265 367 334
Average hardness (HV) 184 287 395 343
Increase in hardness (%) 35.89 53.42 46.36

Table 4. Scratch adhesion strength test results.

Power (W) Load (mN) Distance (um)
300 3000 946.66
370 3998 807.64
440 2825 852.76

4. Conclusions

The uncoated Ti-51 at% Ni alloy was characterised in this work by
using optical microscopy(OM), SEM/EDX. DC magnetron sputtering
technique was used to deposit Ti/TiN on Ti-51 at% Ni by varying
300 W, 370 W, and 440 W DC power. The effects of the varied
parameters on the thickness, surface hardness and adhesion strength
were studied through FESEM/EDX, XRD, microhardness and scratch
testing. The following conclusion was deduced from the coating process:

e The optical microscopic observation results show that the
Ti-51 at% Ni alloy has an equiaxed microstructure with well-distributed
grain size and SEM/EDX micrograph shows the surface topography
and elemental composition of the alloy.

e XRD analysis shows that, as the power increased from 300 W
to 370 W, the peak intensities (111), (200), and (311) increased, while
the reduction in peaks (200) and (222) was noticed. Meanwhile, the

J. Met. Mater. Miner. 31(3). 2021

decrease in all the peaks and total disappearance of peak (222) at
440 W was noticed.

e The decrease in the film's crystallinity at 440 W could be
attributed to high-power sputtering that may likely cause a decrease
in deposition rate and consequently causing low peaks formation.

e Asthe power increased from 300 W to 370 W, the thickness
also increased from 2.278 pum to 2.389 um. However, when the power
was increased to 440 W, the coating thickness decreased to 2.066 pm.
The decrease in thickness may be caused by a sharp drop in the sputtering
rate due to high-power sputtering.

e The substrate's hardness increased with increased power from
300 W to 370 W and decreased relatively, with further increase in
power to 440 W. The increase in surface hardness after coating showed
that deposition at power 370 W increased by 53.42%, indicating the
highest hardness.

e |tis noted that with the increase in DC power from 3000 W
to 370 W, the adhesion strength increased from 3000 mN to 3998 mN
and decreased to 2825 with further increase in DC power to 440 W.
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