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ABSTRACT
Plasma spray technique is commonly used for the fabrication of
hydroxyapatite (HA) coating for bio implants. Out of various process
parameters in plasma spray technique, stand-off distance is one of the
most important parameter which affects tribological and mechanical
properties of the substrate. In the present work, HA powder was plasma
sprayed onto Titanium grade 2 and Titanium grade 5 metallic substrates
by varying standoff distance. Wear test was carried out to determine
coefficient of friction and wear weight loss in the presence of simulated
body fluid having a common pH of 7.25 similar to human blood plasma.
The scanning electron microscopy and X-ray diffraction were used for
characterization of microstructures and phase composition of coating
respectively. Results have shown that HA coating obtained at 230 mm
stand-off distance exhibits hardness and anti-wear characteristics as
compared to coatings with stand-off distance of 180mm and 280 mm. This
may be attributed to lower porosity and dense structure at a stand-off
distance of 230 mm. The main wear mechanisms on the coating’s wear
track were found to be abrasive and adhesive.
© 2022 Published by Faculty of Engineering

1. INTRODUCTION
Hydroxyapatite (HA) has been clinically proven
and acceptable bioceramic whose chemical
composition is same as that of human bones. It
has been extensively used for several years in the
biomedical area for orthopedic load bearing
implants. Generally medical metallic implants are
coated with HA. The porous nature of HA and its
lower fracture resistance cause rapid wear and,

in some cases, earlier fracture of artificial implant
bone, but chemical bonds with induced bone
tissue are needed. The chemical bond between
the metal prosthesis and the surrounding tissue
is better when it is coated with HA [1]. However
the most common causes of the orthopedic
implant failure were found to be stress fatigue
and wear. For artificial prosthetic applications of
HA coatings, the coating lifetime is often limited
by premature failure due to lower wear
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resistance as earlier said. It is therefore highly
important to understand the tribo-mechanical
behavior of such bio-ceramic HA coatings
because it is this property that governs the
coating’s intrinsic resistance against catastrophic
failure. In this present research work, try to
attempted an improve the wear resistance of HA
coating forming by denser HA microstructure
and to achieve a balance between the tribomechanical properties of the coatings by varying
stand-off distance (SOD). Currently load bearing
bioimplants such as knee and hip prosthesis
undergo degradation after 12 - 16 years of use.
The main reason of this degradation is wear
failures as reported by various researchers [2,3].
Titanium alloys have been commonly used as
orthopedic bioimplant prosthesis due to their
high strength to weight ratio, very good corrosion
resistance and biocompatibility. However, the
used of titanium alloys are bounded because of
their poor wear resistance and moderate surface
hardness [4]. Metallic implant materials do not
enhance tissue growth on their surface as a result
poor fixation or loosening of the implant
prosthesis which causes implant failure [5]. Khun
et al. [6] observed better wear properties and
friction coefficient for HA coating on titanium
grade 5 plate formed by larger sized particles. Fu
et al. [7] reported that fretting wear of HA-coated
samples in dry testing conditions was worse than
uncoated metallic samples. Buciumeanu et al. [8]
reported that the wear behavior of HA-coated
samples was influenced by applied load and
lubricated conditions. However, very limited
information is available on tribological
properties of HA-coated titanium grade 2
(TIGR2) substrates using plasma spray technique
with varying SOD in simulated body fluid.
Therefore the present work dealt with this
aspect.
One another major issue with metallic materials
is release of metal ions in the body fluid
environment when implanted in the living body
which is dangerous and causes implant
dissolution. More specifically, biologically this
failure is known as the osteolysis [9]. For better
tissue growth and longer functionality of implant,
the releases of nano-metal ions in the vivo
environment are required to prevented. These
metallic surfaces were coated with HA bioceramic powder to solve problems [10]. Several
surface
modification
techniques
were
investigated to improve properties of metallic
98

alloys. Thermal coating process is found to be the
most promising technique for coating metallic
alloy bioimplant [11]. Out of this plasma spray
technique which is suggested by the Food and
Administration (FDA), USA, due to better HA
coating properties as compared to other coating
techniques [12]. The quality of bioimplant
coating largely depends upon the selection of
optimum process parameters in the plasma spray
technique [13-15].
Spraying process parameters mostly influenced
the mechanical and morphology properties of
bioimplant coating [16]. User or operator can
directly control or manage the primary
parameters before or during the plasma process.
It was reported that changing primary process
parameters such as SOD, plasma power, and flow
rate results in to variations of phase component,
crystallinity, and microstructure of coatings [17].
The SOD has been identified as one of the
important processing parameter which has a
direct bearing on microstructures and properties
of HA coatings. It was reported that amorphicity
of plasma coating increased and relative
crystallinity decreased with the SOD increasing
[18,19]. With the optimum SOD, the porosity of
coating reduces due to an increase in the degree
of molten lamellae in thermal fabrication
methods [20]. Earlier tribological behavior of the
HA coatings developed by micro plasma sprayed
technique on the Ti6Al4V metal samples studied
at low load and author reported 0.8 average value
of friction coefficient (COF) [21]. Tribological
studies of different bioimplant materials for
orthopedic application were carried out on bare
substrates samples. It was reported that wear
loss and COF did not change noticeably with
increasing the wear parameter including load
and velocity [22]. The scope of the problem and
the objective of the present research have been
formulated after detailed literature review.
Although a lot of research has been undertaken in
this area, detailed investigations are required to
be carried out to achieve quality HA-coated
TIGR2 material bio-implants. The objective of
this study was to understand the relationship
between in vitro wear behavior, microstructural
properties of the coating, and the SOD. This
research also provides some important
guidelines pertaining to operational conditions
for the fabrication of high-quality HA coatings for
bio-implants.
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2. MATERIALS AND EXPERIMENTAL
PROCEDURES
Photographs of an uncoated specimen, HA-coated
specimen, and a worn-out specimen are shown in
figure 1(a), (b) and (c).

substrates were polished and subsequently
cleaned ultrasonically in acetone followed by
drying in an oven at 750 C for 30 minutes to
remove any traces of unwanted material and
debris embedded on the sample surface during
the preparation of samples using laser
technology. The sample preparation was as per
ASTM G99-95a. The materials used for load
bearing implants such as hip and knee prosthesis
must be strong under fatigue loading and
biocompatible. Now day’s titanium and its alloys
are widely used as orthopedic implants [25].
2.2 Hydroxyapatite powder

(a)

(b)

Sintered and granulated HA powder with a good
flow ability was obtained from Plasma Biotal India
and used as feedstock. Having particle size between
30-60 µm, Crystallinity > 95%, Phase purity > 95%
and Ca/P ratio- 1.67. Captal® 60 sintered HA is a
medical-grade, synthetic, high-purity, highly
crystalline bioresorbable bone substitute material
designed to closely mimic the properties and
composition of natural bone. Average HA powder
particle size of 41 µm was used for coating TIGR5
and TIGR2 metallic substrate samples. HA meets
the requirements of the ISO 13779-6 international
standard [26]. The physical properties of plasma
HA powder are as shown in table 1.
Table 1. Physical properties of plasma biotal India ltd.
HA powder.
Morphology
Colour
Bulk Density
Tapped Density
Particle absorption index
Particle Refractive index

(c)
Fig. 1. (a) Uncoated metallic samples, (b) HA-coated
sample, (c) Wearout sample after tribo-test.

2.1 Preparation of substrate samples
The metal substrates such as Titanium grade 5
(TIGR5), TIGR2 were purchased from the
Belmount Industrial Solutions, Mumbai, India.
The substrates were obtained in solid form. Laser
technology was used to prepare samples having
40 mm dia. and 4 mm thick required for in vitro
wear test. Densities of TIGR5 and TIGR2 are 4.43
g/cc, 4.52 g/cc respectively [23,24]. The metallic

Spherical
Pale Blue
0.55 - 0.90 g/cc
0.75 - 1.20 g/cc
0.005
1.670

From the laser diffraction method, the average
size of the sinter-granulated HA powder was
observed to be ∼41 μm. It is reported in the
published research that the moderate size (30–
55μm) particles have produced a much denser
lamellar coating than larger size particles
which has resulted in better mechanical
properties of coating [27]. So in this study, HA
powder with average particle size of 41 μm was
used to produce denser and good quality
coatings [28]. The flow rate of the HA powder
was measured as ∼0.5 gm/sec using Hall Flowmeter. The particle size distribution of the
HA powder is as shown in figure 2.
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Fig. 2. Particle size analysis of sinter-granulated HA
powder.

The SEM images and corresponding XRD spectra of
the sintered HA powder are shown in figure 3(a),
3(b) and 4 respectively. The XRD pattern of HA
bioceramic powder showed the major existence of
HA peaks. It observed there is a good match with
the standard (JCPDS file no. 09-0432) both in terms
of intensity and position of the HA peaks.

(a)

(b)
Fig. 3. (a) SEM micrograph of HA powder, (b) SEM
micrograph of HA powder.
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Fig. 4. XRD image of HA powder.

2.3 Coating preparation
The HA coating on TIGR5 and TIGR2 was fabricated
by using plasma spray technique at Plasma Biotal
India Ltd., Pune, India. Prior to depositing HA
coating, the metallic samples were grit blasted at a
blasting pressure of 4- 5 bar so as to improve the
bond strength between the HA coating and the
metallic substrate. Pure white alumina (Al2O3- 200
to 250 µm) at high velocity was used to get the
desired surface roughness between 2.5 to 3.5 µm.
Grit blasting is most commonly used standard
surface roughening technique for plasma spraying
applications. Metallic substrate surface roughness
significantly affects adhesive strength of plasma
sprayed HA coatings. Some impurities or grease on
the surface of the metallic substrate will greatly
reduce the coating bond strength and results in
delamination or cracking. The ultrasonic cleaning
(Ultrasonic cleaning system, Model: Microclean103, 120 W, 3 liter) was carried out for 5 minutes
(ISO 19227:2018) to remove alumina grit particles
which got embedded on metallic substrate during
blasting [29]. The commercials Sulzer Metco 9MBDual Plasma Spray Gun (80 kW, 9MBM machinemount, UniCoatPro Plasma, 9MC, 9MCE) was used
to develop HA coatings. Table 2 presents the plasma
spray technique process parameters used for
coating of HA powder on metallic substrates. In this
study, Argon was used as both the primary and
secondary gas to prevent oxidation. Secondary gas
creates an inert shroud over the particles that
shields against the oxidation of hydroxyapatite.
The typical HA coating thickness observed was
around 146 ± 20 µm on TIGR5 and TIGR2 metallic
substrate samples as evident from SEM
micrograph. For the measurement of plasma
sprayed HA coating thickness, 5 measurements
were taken at roughly 100 µm intervals. Figure 5
depicts the cross-sectional microstructures of the
plasma sprayed HA coating.
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Table 2. Plasma process parameters to develop HA
coatings.
Sr. No.
1
2
3
4
5
6

Process Parameters
Plasma power
Primary gas
Secondary gas
Flow rate
Stand-off distance
(SOD)
Traverse Velocity

Value with unit
25- 28 kW
Argon
Argon
08 -10 g/min
180 mm, 230 mm,
280 mm
38 - 46 mm/s

Fig. 5. Cross-section photomicrograph represents
coating thickness of HA coating.

2.4 Microstructure characterization
The HA sprayed coatings and worn-out surfaces
of HA coated samples were inspected under FESEM (ZEISS- Gemini, Cambridge CB 1 3JS, United
Kingdom) for microstructural characterization of
the HA coatings at MMMF lab, IIT Bombay. The
percentage open porosity of the HA coatings was
analyzed by using Image J software (Java-based,
Version 1.52 v, National Institutes of Health and
the Laboratory for Optical and Computational
Instrumentation). The reported values are the
average of five measurements at distinct
locations
of
HA
coating.
EMPYREAN
diffractometer system was used to perform XRD
analysis and to obtain the phase composition in
the plasma HA powder and developed plasma HA
coatings. During X-ray diffraction the 2θ value
was kept between 20° to 80° with 0.02° step size.
EDS analysis of HA coated samples was
performed at different locations to confirm the
weight percentage of elements in the coating.
2.5 Mechanical properties evaluation
Microhardness of the coating: Nanoindentation
technique was used to evaluate two local
mechanical properties such as nano-hardness

(H) and elastic modulus (E). Nanoindentation test
was carried out at industrial research and
consultancy center, IITB (Hysitron Inc
Minneapolis USA, TI-900). H is measured as the
ratio of maximum applied load to the area of
contact and reduced E is from the load versus
depth of penetration plots using the wellestablished Oliver and Pharr (O-P) method. The
load was kept constant at 10 mN. Ten indents
were made for each coated sample at different
location on the sample. Ten repeat experiments
were performed on each HA coated samples and
average value of ten tests was considered. For the
nanoindentation
experiments
Berkovich
indenter was used with 65.30 semi-apex angle
and small tip radius around ~200 nm. The
nanoindentation experiments were carried out
using DIN 50359-1 standard.
Bonding strength measurement: The bonding
strength of the HA coating was measured using
ASTM- C633 standard .This was carried out at
plasma Biotal India Pvt. Ltd., Pune, India (5500R,
Instron, USA). The HA coated sample was
mounted between the two cylindrical jigs made
of stainless steel using FM 1000 polyamideepoxy resin film. HA coated metallic substrates
were acted upon by tensile load in the normal
direction till the commencement of fracture at HA
- metal substrate interface. The applied tensile
load was then slowly increased from the failure
occurs. The adhesive strength is then computed
using ratio of load to area at failure. The average
value of adhesive strength was considered on the
basis of three measurements for each sample. In
most of the cases the fracture was observed at the
interface between the metal samples and the
coated HA layer.
2.6 Tribological tests
Ball on disc machine (TR-30LE CHHM-800,
DUCOM Instruments, Bengaluru, India) was used
to conduct unidirectional wet sliding wear tests
at room temperature under simulated body fluid
(SBF). SBF is prepared with the help of Kokubo’s
recipe [30], whose Ion concentrations is exactly
equal to human blood plasma pH between 7.20 to
7.40. Steel balls indenter of 10 mm diameter
which having hardness value 62 (HRC) were used
as a counter surface (indenter). The balls are
specially made as per our requirement and
purchased from Ducom instruments, Bengaluru,
India. Prior to test the samples were cleaned with
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ethanol in order to remove the dust on HA coated
surface of samples. In ball on disc machine, the
flat disk is rotated against the stationary ball at a
specified load. Flat disk is made of AISI 52100
steel.The wear between the samples and ball was
noted by LVDT sensor which was mounted on the
machine. Wear ball on disk machine connected
with a computer (ACER VERITON M200-H81
DESKTOP, PCI-E-6321 NI Card, DUCOM,
Benguluru, India). The PC is loaded with
WINDUCOM 2010 software for displaying the
results in graphical form. The wear experiments
were performed using ASTM G99 standard.
During the test the wear loss and COF values were
recorded and analyzed. Selection of wear
parameters was based on the similar conditions
of wear to which the femoral ball head is
subjected inside the acetabular cup. Generally
during walking the stress produced in a hip
prosthesis is in the range of 0.7 to 4 MPa [31]. HA
coated hip prosthesis is expected to sustain
frictional forces for a minimum of 18 to 25 years
[32]. Since it is not feasible to carry out wear
studies for a period of 18 to 25 years, the high
value of applied normal load in the order of 10 N
is maintained during wear testing. For
determining the average wear weight loss of HAcoated samples, five repeat experiments were
carried out and an average value of five
measurements was considered. Table 3 presents
general characteristics of coating and
experimental parameter related to wear test.

as expected. Figure 7(a), 7(b) and 7(c) shows the
typical X-ray spectroscopy (EDS) spectrum of
plasma sprayed HA coatings. It could be evidently
observed that the signatures of Ca, P, and O are
present as they are major constitutes of HA
coatings. The EDS data (Table 4) shows that the
HA coatings developed by plasma spraying had
stoichiometric Ca/P of near to 1.67 that bears the
signature of the pure HA phase formation. The
presence of other elements may be due to the
adhesive disc used to fix the sample holder.

Fig. 6. XRD pattern of a plasma sprayed HA coating.
Table 4. Values of Ca/P in different spots of HA
coatings.
Element
Ca
P
Ca/P

Fig 5 (a)
34.6
20.4
1.69

Fig 5 (b)
39.6
23.6
1.69

Table 3. General characteristics of coating and
experimental parameter related to wear test.
Disc materials
Coating thickness
Coated disc dia.
Ball dimension (indenter) for
wear test
Normal load
Sliding velocity

Plasma coated
146 ± 10 µm
Φ 40 mm
Φ 10 mm
10 N
0.1 m/s

(a)

3. EXPERIMENTAL RESULTS AND
DISCUSSION
3.1 Microstructure and phase constitution
Figure 6 shows the X-ray diffractometer (XRD)
pattern of a typical plasma sprayed HA coating.
The pattern was thoroughly indexed as per ICSD
standard and shows the crystalline phases of HA
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(b)

Fig 5 (c)
46.7
27.9
1.67
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(c)
Fig. 7. (a) EDS spectra of HA coatings in different spot,
(b) EDS spectra of HA coatings in different spot, (c)
EDS spectra of HA coatings in different spot.

Figure (8-13) shows the plan-sectional
microstructures of the plasma-sprayed HA
coatings developed at a SOD of 180, 230 mm
and 280 mm, respectively. Coating with lower
(180 mm) and higher (280 mm) SOD
comprised of irregular splats shaped, nano
intersplat crack, unmelted semi-melted
powder particle, as well as a significant
amount of nano, meso, and micro porosities.
However, at a SOD of 230 mm, SEM images
show denser microstructure and less porosity.
This may be because of the filling of voids
between neighbouring splats by spherodized
and melted HA particles.

Fig. 9. Micrograph of plasma coating at TIGR5- 230
mm SOD.

Fig. 10. Micrographs of plasma coatings at TIGR5- 280
mm SOD.

The microstructure in figure 8 (coating at 180
mm SOD) depicts many pores and unmelted
particles. Such particles are not fully well
integrated into the coating. Whereas figure 9
and 13 (coating at 230 mm SOD) demonstrates
a structure with flatten splats and fewer voids,
which is indicative of improved packing of the
layer, reduces the inter-splat region and
particle melting giving rise to a typical lamellar
structure with splat bonding.

Fig. 11. Micrograph of plasma coating at TIGR2- 280
mm SOD.

Fig. 8. Micrograph of plasma coating at TIGR5- 180
mm SOD.

Fig. 12. Micrograph of plasma coating at TIGR5- 180
mm SOD.
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3.2 Mechanical properties of the coatings

Fig. 13. Micrograph of plasma coating at TIGR2- 230
mm SOD.

For the nano-indentation test, the maximum
depth of penetration was kept well below 10%
of the HA coating thickness so as to avoid
influence of mechanical properties of substrate
on the measured data. As the microstructure of
the HA coating was observed to be
heterogeneous and porous, at least 10 indents
were made at randomly chosen different
locations on the coated sample surface so as to
obtain statistically valid and reliable data. There
is an inverse relationship between hardness and
porosity, i.e., as the porosity reduces the
hardness increases. With the increase in
porosity of plasma sprayed HA coating,
mechanical properties are severely affected.
Porosity is one of the most significant factor in
plasma- sprayed coatings [33]. Figure 17 and 18
shows the variation in the porosity and adhesive
strength values for plasma sprayed HA coatings
measured at various SODs for TIGR5 and TIGR2.

Fig. 14. Micrograph and EDS Spectra at TIGR2- 230
mm SOD.

Fig. 17. Porosity versus varying SOD.

Fig. 15. Micrograph showing porosity in Image J
software at TIGR2- 280 mm SOD.

Fig. 18. Adhesive strength versus varying SOD.

Fig. 16. Micrograph showing porosity in Image J
software at TIGR5- 180 mm SOD.
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The computed bonding strength value between
the HA coated layer and metal substrates
observed in the range of 14.7 to 31.5 MPa for
TIGR5 and 13.2 to 30.6 MPa for TIGR2 material.
These range of values indicates formation of
strong bond between HA coating layer and metal
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substrates. As per the industrial standard the
mean coating adhesion strength shall be greater
than 15 MPa (ISO 13779-2, ISO 13779-4) [34,35].
Figure 19 and 20 shows the variation of H and E
for plasma sprayed HA coatings at various SODs
for TIGR5 and TIGR2 substrates.

Fig. 19. Hardness versus varying SOD.

Fig. 20. Elastic modulus versus varying SOD.

In the present work, the HA coating at 180 mm
SOD showed minimum elastic recovery and nano
hardness by virtue of higher porosity evident
from SEM resulting in a lesser value of E. The
porosity values are found to be maximum for the
HA coating developed at the shortest SOD of 180
mm. This happened possibly due to knockback or

rebound action of un-melted or partially melted
particles/splats impinging on to the substrate
samples as the distance of exit nozzle and the
substrate is very short [19,20]. Unmelted splats
retaining a non-flattened core results in the
formation of micro-pores structure. Also the
particles are exposed to flame for less time
resulting in less heat work on the HA. Even if the
particles are melted there is a possibility of
higher viscosity leading to poorer splats.
At 230 mm SOD properties such as adhesive
strength of the coating, hardness of the coating,
and elastic modulus are found to be better as
compared to a SOD of 180 mm and 280 mm. This
may be due to lower porosity and dense
microstructure observed at a SOD of 230 mm. The
50% reduction in porosity at 230 mm SOD may
be attributed to appropriate in-flight particle
temperature and velocity carried by the HA
powder when exposed to plasma flame which
may increase the degree of spheroidzed and
molten lamellae which results in melted lamellae
well stack together on the substrates [36]. On the
other hand, porosity is increased at longer 280
mm SOD from 230 mm to 280 mm, some HA
particles might be unable to reach the end of the
sample due to the journey of long-distance and
reduction in velocity of melted particles. The
particles could solidify partially before reaching
to the substrate samples due to the long distance
and the drop in plume temperature which in turn
produces splats which are randomly deposited
leading to form further micro-pores structure
and as observed and also reported in published
research [37]. The hardness and elastic modulus
values for different HA-coated samples at various
SODs are as shown in table 5.

Table 5. Microstructural properties of plasma-sprayed HA coatings developed at different SOD: 180, 230 and 280 mm.
Plasma
sprayed HA
coatings

Adhesive strength of
coating (MPa)

Porosity (%) of
coating

Hardness of
coating (GPa)

Elastic modulus
of coating (GPa)

TIGR5

TIGR2

TIGR5

TIGR2

TIGR5

TIGR2

TIGR5

TIGR2

SOD: 180 mm

14.7±0.47

13.2±0.42

21±2.17

22±2.21

1.8±0.75

1.6±0.78

70±1.23

68±1.31

SOD: 230 mm

31.5±0.31

30.6±0.35

10±2.06

12±2.01

2.9±0.70

2.5±0.68

86±1.07

83±1.02

SOD: 280 mm

21.5±0.40

19.8±0.38

16±2.25

17±2.30

2.4±0.85

2.1±0.91

75±1.12

71±1.15

3.3 Friction and wear characteristics
To measure weight loss of materials, the weight
of HA coated substrate samples (before and after
test) was recorded by Electronic Weighing

machine (Contech Instruments Ltd., Navi
Mumbai, India). Average weight loss of the HA
coated substrate materials in grams is as shown
in table 6. Measurement uncertainty @ 95%
confidence level was observed ± 0.0001 gm.
105

Sachin Solanke et al., Tribology in Industry Vol. 44, No. 1 (2022) 97-112
Table 6. Wear weight loss (Gram)
Measurement
Number
1
2
3
4
5
Minimum
Mean
Maximum
S.D. (σ)
RSD (%)
Confidence
Interval

Wear weight loss (Gram)
TIGR5
SOD-180
0.0076
0.0079
0.0078
0.0079
0.0078
0.0076
0.0078
0.0079
0.00012
1.57
0.0078 ±
0.00010

SOD-230
0.0060
0.0057
0.0058
0.0061
0.0057
0.0057
0.0059
0.0061
0.00018
3.10
0.00586 ±
0.00015

TIGR2
SOD-280
0.0069
0.0067
0.0070
0.0066
0.0068
0.0066
0.0068
0.007
0.00015
2.33
0.0068 ±
0.00013

SOD-180
0.0083
0.0081
0.008
0.0081
0.0083
0.0080
0.0081
0.0083
0.00013
1.64
0.00816 ±
0.00011

SOD-230
0.0062
0.0064
0.0062
0.0063
0.0065
0.0062
0.0063
0.0065
0.00013
2.07
0.0063 ±
0.00011

SOD-280
0.0074
0.0072
0.0071
0.0073
0.0071
0.0071
0.0072
0.0074
0.00013
1.81
0.0072 ±
0.00011

Table 7. Average value of COF
SOD-180
0.81

TIGR5
SOD-230
0.48

SOD-280
0.65

The plasma-sprayed coating shows minimum
wear loss and minimum COF at 230 mm SOD
which is attributed to the dense and nonporous
microstructure of coating resulting in higher
wear resistance. The SEM images for 180 mm
SOD for both the substrates reveal the presence
of semi-molten HA powder particles and porous
microstructure to a large extent resulting in more
wear weight loss. The average wear weight loss
and coefficient of friction (COF) of the HA
coatings at 280 mm SOD was observed to be
slightly higher as compared to a 230 mm SOD.
This may be due to lower hardness and the
presence of semi-molten HA powder particles in
HA coating. The wear track generated for HAcoated samples for TIGR5 and TIGR2 at 280 mm
SOD was observed to be more profound and
broader with significant wear loss as compared
to at 230 mm SOD.
Higher wear rate showed the short life of an
orthopedic component [38]. Generally wear
debris
from
the
coatings
undergo
biodegradation
completely
due
to
macrophages and neutrophils phagocytes. If it
does not undergo biodegradation then it will be
cleared out from renal excretion route very
quickly by the immune system of body.
Retention of these wear debris causes infection

106

SOD-180
0.88

TIGR2
SOD-230
0.57

SOD-280
0.69

and toxicity in any organ [39,40-42]. The
tribological properties of plasma sprayed HA
coated TIGR5 substrate are found to be
marginally better as compared to HA coat
TIGR2 substrate. This may be due to
mechanical anchorage, good atomic coherence
property and physical chemical interaction as
reported in literature [5,43,44]. Lowered
atomic coherence equates to weakened
chemical bond of coating. Figure 23 shows the
average wear loss for plasma sprayed HA
coated TIGR5 and TIGR2 substrate against
bearing steel ball. Wear loss which is mainly
due to plastic deformation of HA coatings.

Fig. 21. Coefficient of friction as a function of sliding
distance for TIGR5- HA coated samples at different
SOD: 180 mm, 230 mm and 280 mm in wet condition.
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be comparatively slower in plasma-sprayed HA
coatings at 230 mm SOD. The wear tracks
generated for HA-coated samples for TIGR5 and
TIGR2 at 180 mm SOD were observed to be more
profound and broader with significant wear loss.

Fig. 22. Coefficient of friction as a function of sliding
distance for TIGR2- HA coated samples at different
SOD: 180 mm, 230 mm and 280 mm in wet condition.

Fig. 24. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR5- 180 mm SOD.

Fig. 23. Average wear weight loss for TIGR5- HA and
TIGR2- HA coated samples at different SOD: 180 mm,
230 mm and 280 mm in wet condition.

The average COF values for the present HAcoated substrates at different SOD were found to
be well within the typical range (e. g. 0.5 to 0.9)
as reported by researchers [7,45,46].
3.4 Worn surface morphology
The wear mechanism is significantly influenced
by adhesion and abrasion with brittle cracking,
brittle rupture, abrasive grooving, and spalling
pits. This may be due to severe plastic
deformation (plasticization), plowing, and grain
fragmentation of coatings. SEM images of wornout surfaces clearly depict spalling, brittle
cracking /rupturing. Figure 26 clearly shows the
comparison between HA-coated surface before
tribo-testing and worn-out surface after the
tribo-testing.
The
formation of
dense
microstructure at 230 mm SOD resulted in less
amount of brittle cracking and brittle fracture
against the hard steel ball indenter. Because of
this wear resistance characteristic of the HA
coatings have shown improvement. The
progression of matrix abrasion was observed to

Fig. 25. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR2- 180 mm SOD.

Fig.26. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR5- 230 mm SOD.
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Fig. 27. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR5- 280 mm SOD.

Fig. 28. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR2- 230 mm SOD.

Fig. 29. Scanning electron micrographs of worn-out
plasma coatings after tribo-test at TIGR2- 280 mm SOD.

Mostly two-body severe abrasive wear was
observed due to sliding rotation of hard steel
ball against the brittle HA coating samples. At a
SOD of 180 mm, complete wear of HA splats and
spalling pits in the bare substrate was
108

observed. This may be due to higher contact
stress between relatively hard steel ball and HA
coating as shown in figure 25. The brittle
cracking and rupturing across the HA splats is
clearly seen on the coated surface due to the
formation and existence of large volume pores
in the plasma sprayed HA coatings at 280 mm
SOD. Under the wet sliding condition, the wear
debris trapped between the steel ball indenter
and the HA coating surface acts as a third body
abrasion. This wear phenomenon has
contributed to the propagation of abrasion
grooves. Figure 24 shows the wear streaks on
the wear track of HA-coated samples indicating
the existence of wear debris possibly due to the
removal of the asperities by plasticization and
shearing. This wear mechanism is found to be
more severe in the plasma sprayed HA-coated
substrates at a SOD of 180 mm and 280 mm.
Figure 29 shows the presence of macro brittle
crack alongside with surface pores in the HA
coating at higher magnification. This macro
brittle crack on reaching the critical size results
in the formation of wear debris in the form of
fragments. The wear mechanism observed in
this present research work is very much similar
to the wear mechanism as reported in research
studies that have been carried on HA coatings
formed by different thermal processes [47-49].
The adhesive strength of HA-coated samples at
optimum SOD in the present work is found to
be better as compared to samples fabricated by
other methods as reported in the published
research [50, 51]. On comparing with samples
fabricated by the plasma spraying method in
the reported literature [21,52], the coated
samples in the present work exhibit better
wear resistance and micro-hardness. However,
the direct comparison of experimental results
in this study with the published research seems
to be difficult because of the different HA
coating deposition methods and process
parameters used in published research.
Some pores in the prosthesis encourage tissue
to grow in and anchor the prosthesis to the
surrounding
bone,
preventing
implant
loosening. But, a high porous coating structure
is likely to have poor substrate adhesion and
tribo-mechanical ability, In that the coating will
delaminate and release extremely undesirable
debris, impeding osseointegration by eliciting
unacceptable tissue responses Furthermore,
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excessive body fluid penetration in the coating
can result in the dissolution of the coating
material in the interface area, resulting in
adhesive strength weakening [18,41,53,54].
Due to the shorter residence time in the plasma
flame at 180 mm SOD, HA powder particles
melt at a very low rate. As a result, particle
spreading is reduced, resulting in a higher
number of pores in the coating. Whereas HA
coating at longer SOD 280 mm, longer
residence time in the plasma flame results in
more heat work on the powder and greater
quenching amount upon ‘splat’ due to
additional work these leads to the formation of
the weak coating. Optimal pores with flatten
splats, denser structure, and fewer voids were
observed at 230 mm SOD as compared to other
SOD. Micro-indentation and the tribological
test result showed that HA coating at 230 mm
SOD had better hardness and wear resistance.
Therefore, HA coating fabricated at 230 mm
SOD can be considered as better rather than at
180 mm and 280 mm SOD.

electron micrographs at various SOD support
the increase or decrease in tribological and
mechanical properties.
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