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A B S T R A C T

Yttria stabilized zirconia reinforced hydroxyapatite coatings were deposited by a gas

tunnel type plasma spray torch under optimum spraying conditions. For this purpose,

10, 20 and 30 wt% of yttria stabilized zirconia (YSZ) powders were premixed individu-

ally with hydroxyapatite (HA) powder and were used as the feedstocks for the coatings.

The effect of YSZ reinforcement on the phase formation and mechanical properties

of the coatings such as hardness, adhesive strength and sliding wear rates was ex-

amined. The results showed that the reinforcement of YSZ in HA could significantly

enhance the hardness and adhesive strength of the coatings. The potentiodynamic po-

larization and impedance measurements showed that the reinforced coatings exhibited

superior corrosion resistance compared to the HA coating in SBF solution. Further the

results of the bioactivity test conducted by immersion of coatings in SBF showed that

after 10 days of immersion of the obtained coatings with all the above compositions com-

monly exhibited the onset of bioactive apatite formation except for HA+10%YSZ coat-

ing. The cytocompatibility was investigated by culturing the green fluorescent protein

(GFP)-labeled marrow stromal cells (MSCs) on the coating surface. The cell culture re-

sults revealed that the reinforced coatings have superior cell growth than the pure HA

coatings.
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1. Introduction

Chemical structure of hydroxyapatite (HA) is very close to
human bone which makes it compatible with the tissue of
the human body. Its good biocompatibility causes it to be
extensively used in many prosthetic applications, especially
as a porous material for optimal bone in growth (Geesink
et al., 1987). Currently, this material is being deposited on bio-
inert metallic implants and used as recovery parts in human
body. Many methods are used to deposit the HA coatings on
the surface of metallic implants such as conventional press-
and-sinter method, ion beam sputtering, electrophoretic
deposition, RF-magnetron sputtering, pulse laser melting,
physical vapor deposition and electrochemical deposition
(Ding et al., 2000). However plasma spraying is the most
widely used technique due to its process feasibility such as
easy operation and bulk production. Plasma sprayed hydrox-
yapatite with metallic alloy, exhibits both biocompatibility
and good mechanical properties thereby making it more suit-
able for surgical implants (Nie et al., 2000; Chon and Chang,
2002). However, this technique has severe limitations because
the high temperature and rapid cooling associated with this
process yields a variety of phases and lower crystallinity of HA
(Sun et al., 2001). With decreasing crystallinity, the dissolu-
tion rate of the phosphorus compounds such as β-tricalcium
phosphate (β-TCP) and tetra calcium phosphate (TTCP) is
much faster than single phase HA thereby leading to im-
plant instability (Sergo et al., 1997). Hence, plasma sprayed HA
coated implants essentially consist of a mixture of crystalline,
amorphous, and non-apatite phases such as Ca3(PO4)2 (TCP),
Ca4(PO4)2O (TTCP) or even CaO. Also, thicker coatings pro-
duced by plasma spray often exhibited porosity that weak-
ened the interfacial strength and provided an easy fracture
path for adhesion failure and reduced the corrosion resis-
tance (Ahn et al., 2002).

It has been well documented that plasma sprayed coatings
suffer from low adhesion between coating and the substrate,
as well as low cohesion within the coating microstructure
(Nal and Sordelet, 2000). Previously many researchers
suggested that the weak lamellar splat layer of the HA
coating microstructure could be improved through plasma
spray processing by means of reinforcing second phase such
as ceramics, metals, alloys and or composite along with HA
(Weng et al., 1994; Morks, 2008; Gurbhinder et al., 2011; Xuebin
et al., 2000). Among these second phases, reinforcing of
Yttria stabilized zirconia (YSZ) can significantly enhance the
mechanical properties of HA coatings due to its high strength
and stress-induced phase transformation toughening nature
(Witek and Buttler, 1985; Lee et al., 2004). Also, the bioactivity
of HA coating improved considerably while using YSZ as the
second phase because of its biocompatibility merit (Gu et al.,
2004). Reports on plasma sprayed YSZ reinforced HA coatings
revealed that the addition of YSZ to HA produced better
mechanical properties than those of bulk HA alone (Chou
et al., 2002; Fu et al., 2002).

Meanwhile, fundamental understanding of the relation-
ship between the plasma spray processing and coating
characteristics is a key factor for obtaining HA and or HA
reinforced coatings with predictable properties and perfor-
mance for implant applications. Variations in the deposition
parameters can lead to different phase compositions, crystal
structure and microstructures, which results in alteration of
major coating properties. The heterogeneity of the plasma
jet affects the quantity of air entrainment and heat trans-
fer rates to particles while in-flight through the plasma zone.
Thus, it is difficult to produce a coating with the desired
coating characteristic by using conventional plasma spraying
method. Furthermore, there is generally a concern over the
consistency and reliability of the coating quality.

Therefore, in this present study a high-power plasma jet
known as gas tunnel type plasma torch (GTTP), developed
in Osaka University, was used to produce HA and YSZ rein-
forced HA coatings on stainless steel substrate. This unique
technique was previously used to deposit high quality ce-
ramic coatings due to its high power and high spraying ef-
ficiency (Arata and Kobayashi, 1986). The advantages, unique
features and as well as the influences of the processing pa-
rameters on the coating properties are well documented in
the previous publications (Morks and Kobayashi, 2008, 2007).
In the present study, phase and microstructure formation of
the GTTP sprayed HA and YSZ reinforced HA coatings was in-
vestigated. The effect of YSZ reinforcement on the coating’s
mechanical properties such as adhesive strength, hardness
and sliding wear rate was examined. Furthermore, electro-
chemical corrosion behavior and in-vitro bioactivity of the
coatings in conventional simulated body fluid (c-SBF) solu-
tion was tested. The cytocompatibility of the coatings was
also investigated by culturing green fluorescent protein (GFP)-
labeled marrow stromal cells (MSCs) on its surface.

2. Experimental procedure

2.1. Plasma spraying

Specially designed gas tunnel type plasma spray torch was
employed to form coatings with controlled microstructure
under optimized operating conditions. The typical torch
operating parameters are listed in Table 1. Schematic
of the gas tunnel type plasma jet and splats formation
during spraying is shown in Fig. 1. Commercially available
hydroxyapatite (HA) and 8 wt% yttria stabilized zirconia (YSZ)
powders from Pawlex Ltd. Tokyo, Japan with an average
particle size of 10–45 µm and 10–30 µm respectively were
used for preparing the coatings. The microstructure of the
HA particles was spherical in shape whilst the YSZ particles
was angular and both the powders had relatively high purity
and were well crystallized. The HA powder was mechanically
milled individually with three different weight proportions
of YSZ (10, 20 and 30 wt%) and the mixtures were used
as the powder precursor for spraying. Herein, the powder
precursor was fed externally at the exit of the nozzle in
order to avoid decomposition process due to melting in high
temperature plasma jet. The coating was formed on the
surface of a 316 L stainless steel substrate whose dimensions
were 50 × 50 × 2.5 mm. Prior to spraying, the substrate
surface was grit blasted with alumina for surface roughening
and it was followed by cleaning using acetone. Furthermore,
the operating parameters used in the present coating were
selected in order to get coating with thickness of around
300–400 µm with significant porosity and also taking caution
that there is minimal deviation from the initial stoichiometric
ratio.
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Table 1 – Plasma spraying conditions and sample code.

Powder ratio (wt%) Nomenclature
of

coatings

Operating
parameters

HA 8YSZ

100 0 HA
Arc power: 15 kW
Spraying
distance:

60 mm

90 10 HZ10 Working gas
flow rate (Ar):

180 l/min

80 20 HZ20
Carrier gas
flow rate (Ar):

10 l/min

Powder feed
rate:

15 g/min

70 30 HZ30 Traverse
number:

16
times

Fig. 1 – Schematic of gas tunnel type plasma spray torch
and coating formation.

2.2. Phase, microstructure and mechanical characteriza-
tion

Phase constituents of the coatings were identified using JEOL
JDX-3530M X-ray diffractometer with Cu-Kα radiation source
at a voltage of 40 kV and a current of 40 mA. The microstruc-
tures of the coatings were examined by ERA8800FE scan-
ning electron microscope equipped with energy dispersive
X-ray spectroscopy. Porosity of the coatings was evaluated by
image analyzing method using computerized optical micro-
scope. Peel off test method was used to determine the adhe-
sive strength of the coatings. The standard specimens with
dimensions of 1 × 1 cm were used for the study. Hardness
tests were performed on polished cross-sections of the coat-
ings by using Akashi AAV-500 series hardness tester. The load
used was 490.3 mN and the load time was 20 s. Each hard-
ness value is the average of 5 readings. For the evaluation of
the friction and wear resistance of the different coating speci-
mens, a ball-on-disk tribometer was used. Themeasurements
were carried out at room temperature in laboratory air with a
relative humidity of about 60%. Alumina balls, 5 mm in di-
ameter, were used as the counterbody. Prior to each test the
samples and the balls were cleaned with ethanol. The tests
were performed using three different normal loads such as
10, 20 and 30 N, corresponding to Hertzian stresses within
0.68–1.05 GPa. In all the tests, the sliding speed was main-
tained at a constant value of 0.2 ms−1 by adjusting the rota-
tion speed of the disk and the diameter of the wear track. The
duration of sliding was 10,000 rotation cycles. Wear volumes
of the coating specimens were measured accurately using a
three-axis profilometer (Taylor Hobson) equipped with a PC.
Wear tracks were mapped and the wear volume was calcu-
lated accordingly. The results reported in this paper are in the
form of Archard’s specific wear rate (mm3/Nm), calculated by
the following formula:

Specific wear rate =
V

F × S
(1)

where V is the volume worn away in mm3, F is the normal
load in N, and S is the sliding distance in meter. Each specified
test was conducted in three different areas of the coating
surface in order to obtain statistical working results.

2.3. Electrochemical corrosion analysis

A potentiostat (Autolab PGSTAT galvanostat/potentiostat) was
employed to realize the electrochemical corrosion behavior
of the coatings in conventional simulated body fluid (SBF)
electrolyte (Huang et al., 2005). For this purpose, conventional
three-electrode cell was used with the counter electrode
made of a platinum rod and a saturated calomel electrode
(SCE) as the reference electrode and the sample as the
working electrode. The test electrolytes, SBF solutions were
prepared at pH value of 7.4 and the test specimens were
masked with 3 M scotch to expose a constant surface area
of 1 cm2. In order to establish the open circuit potential
(OCP), prior to the polarization measurements, the samples
were immersed in the solution for about 60 min. The applied
alternating potential had root mean square amplitude of
10 mV on the OCP. After getting the stable OCP, the upper
and lower potential limits of linear sweep voltammetry
were set at +200 and −200 mV respectively with reference
to OCP. The sweep rate was 1 mV s−1. The corrosion
potential Ecorr, corrosion current Icorr and corrosion rate were
determined by the Tafel extrapolation method. Impedance
measurements were conducted using a frequency response
analyzer and the spectrum was recorded in the frequency
range of 10 mHz–100 kHz.

2.4. In-vitro bioactivity analysis

All samples were smoothed by using mechanical polishing
machine with alumina sheet before immersion in the
solution and the in-vitro bioactivity of all the coated samples
was tested for 5, 10 and 15 days in SBF solution prepared as
described in literature (Kokubo et al., 1990). Fourier Transform
Infrared Spectroscopy (FTIR) was used to characterize the
surface of the coatings after immersion in the SBF solution for
different periods along with XRD. Here, FTIR transmittance
spectra were obtained using IFS 113 V, Bruker spectrometer
in NIR region with a resolution of 2 cm−1. The topographical
evaluation and elemental analysis of the samples before
and after immersion in SBF were performed by a Philips
XL40 scanning electron microscope with associated energy
dispersive X-ray spectrometer (SEM/EDS).

Further to investigate the cytocompatibility of the coated
samples, green fluorescent protein (GFP)-labeled marrow



J O U R N A L O F T H E M E C H A N I C A L B E H AV I O R O F B I O M E D I C A L M A T E R I A L S 9 ( 2 0 1 2 ) 2 2 – 3 3 25
Fig. 2 – X-ray diffraction pattern of gas tunnel type plasma
sprayed HA and YSZ reinforced HA coatings.

stromal cells (MSCs) (the GFP transgenic SD rats were
provided by Dr. X. Huang, Department of orthopedics, Xijing
Hospital) of male SD rats were cultured on the coating
surfaces. 5 × 104 cells were added to each well of a 24-well
plate. Each well contained a specimen from different groups.
After being cultured for 24 and 48 h, the specimens were
removed from the plates and observed under fluorescence
microscopy (TE2000, Nikon, Japan) and scanning electron
microscopy (S-3000 N, Hitachi Japan).

3. Results and discussion

3.1. Structural and mechanical characterization

The XRD patterns of the as-sprayed coatings are shown in
Fig. 2. The XRD spectra showed that the as-sprayed pure
HA coating retained its crystalline HA phase similar to the
initial feed stock HA powder, even though there existed a
possibility for occurrence of decomposition during its in-flight
in high temperature plasma zone by the following reaction
mechanism (Lorcardi et al., 1993):

Ca10(OH)2(PO4)6{HA} → 2Ca3(PO4)2{TCP}

+Ca4P2O9{TTCP} + H2O. (2)

Conventional plasma sprayed HA coatings generally
contain secondary phases such as α-TCP, β-TCP, TTCP,
amorphous calcium phosphate (ACP) and CaO because of the
severe decomposition of the in-flight apatite induced by the
high temperature plasma jets. On the contrary, in the present
case the decomposition processes of in-flight HA could be
well controlled by means of selective operating parameters
and unique nature of GTTP jet. However, the addition of
ZrO2 with HA slightly affected the crystallinity of HA and
produced α-TCP as an additional phase along with tetragonal
phase ZrO2, which is shown in the XRD pattern of HA–ZrO2
composite coatings.

Generally the decomposition of HA produces α-TCP but
it is an unstable phase at room temperature and hence
obviously gets transformed to β-TCP, which is a stable phase
at room temperature. However the phase analysis of the
HA–ZrO2 composite coating obtained in this study exhibited
α-TCP phase instead of β-TCP, which was due to the rapid
Fig. 3 – Fourier transform infrared spectra of gas tunnel
type plasma sprayed HA and YSZ reinforced HA coatings.

solidification behavior of the gas tunnel type plasma jet
that permitted the formation of a stable α-TCP. Similar kind
of result was previously reported during the formation of
conventional plasma sprayed HA and its composite coatings
(Morks and Kobayashi, 2007; Chang et al., 1997). Moreover, in
this study the other decomposition phases such as TTCP and
CaO phases were not found.

The GTTP sprayed HA–ZrO2 composite coatings exhibited
the presence of characteristic FTIR peaks like that of synthetic
hydroxyapatite (HA) as reported in literature (Muller et al.,
2007) and as shown in Fig. 3. From the spectra, it is found
that all these coatings showed a wide peak at 1050–1100 cm−1

which is attributed to the stretching vibrational mode of P–O
of PO4 group. In addition, the double peaks at 570 cm−1

and 601 cm−1 attributed to the bending vibrational mode of
P–O bond were observed. In the case of ZrO2 content, FTIR
spectra are known to be present, as most oxides, a broad peak
under 700 cm−1 or multiple smaller ones in the same spectral
area depending on the crystal growth of zirconia (Damyanova
et al., 2008). Considerably, the small amount of ZrO2 used
in these composites, made it difficult to distinguish between
the peaks attributed to HA and ZrO2 as observed from FTIR
spectra.

Scanning electron micrographs of top surfaces of as-
sprayed HA and YSZ reinforced HA coatings are shown in
Fig. 4. It is observed from the micrographs that both the
kinds of coating surfaces have some partially melted and
few unmelted particles and there are only few micro cracks,
which is inherent to the plasma spray depositionmechanism.
Plasma sprayed ceramic coatings are generally porous and
this characteristic is beneficial to the biomedical application
involving the mechanical fixation through bone in growth
(Chou and Chang, 2002; Fu et al., 2002). Meanwhile, the
formation of such pores severely affects the mechanical
properties of the coating and as well instigates swift failure.
Herein the investigation results shown in Fig. 5 reveal that
the porosity of HA coating is higher and with the addition
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Fig. 4 – Surface morphology of gas tunnel type plasma sprayed HA and YSZ reinforced HA coatings.
Fig. 5 – Porosity and microhardness of gas tunnel type
plasma sprayed coating.

of YSZ it gets reduced compared to pure HA coating. This
may be attributed to the small size of the reinforcing material
which fills the pores in the coating microstructure. Similar
effect of reinforcement in the form of decreased porosity
was observed by Morks and Kobayashi (2007) and Gurbhinder
et al. (2011) while reinforcing ceramic in pure HA coatings.
The HA coatings with and without YSZ have nearly the same
thickness of around 300–400 µm.

Existence of direct relationship between the hardness and
the porosity of the plasma sprayed coatings, i.e. the lower
the porosity higher the coating hardness, was impeccably
reflected in the present coating results as well. The results
from Fig. 5 shows that the hardness of the coatings increase
while increasing the content of reinforced YSZ in HA which
is mainly due to the formation of dense coatings with low
porosity. The presence of unmelted particles and pores inside
the coating microstructure play a vital role in the bonding
Fig. 6 – Adhesive strength of gas tunnel type plasma
sprayed HA and YSZ reinforced HA coating.

strength of the coating. Fig. 6 shows the adhesive strength
of the HA coatings as a function of reinforced YSZ content
and the results indicate that the adhesive strength of the
HA coatings significantly improved with the addition of YSZ
to HA. Astonishingly, 30% YSZ in HA doubled the adhesive
strength of the coating compared with that of the pure HA
coatings. Consistent formation of micro-cracks inside the
coating layer due to the thermal stress and residual coating
stresses arising due to the high solidification rate; also the
formation of amorphous layer over the surface of the splats
and interface during the impinging of in-flight droplets to
the substrate can reduce the adhesive strength because of
the brittle nature. The reinforcement of YSZ decreases the
solidification rate of the in-flight HA particles and prevents
the formation of amorphous interface layer thereby causing
enhancement of the adhesive strength in HA–YSZ composite
coatings. Earlier report from Chou and Chang proves 2002 that
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Fig. 7a – Sliding wear rate and friction coefficient of gas
tunnel type plasma sprayed HA and YSZ reinforced HA
coatings at three different loads (10, 20, 30 N).

reinforcement of ZrO2 particles in HA coatings considerably
enhanced the bond strength and cohesive strength on Ti alloy
substrates.

The effect of YSZ reinforcement on the sliding wear rate
and the friction coefficient of the HA coatings at three dif-
ferent loads such as 10, 20 and 30 N is shown in Fig. 7a.
It was found that the sliding wear rate got considerably de-
creased with respect to YSZ reinforcement. In case of HZ30
coating, the result revealed minimum wear rate at all the
load conditions. This decreasing trend was mainly caused
by the decreased porosity and enhancement of the coat-
ing hardness with respect to YSZ reinforcement. The sum-
mary of the previous research reports correlate the wear
volume loss and hardness of the materials, which are in-
versely proportional to each other (Rabinowicz, 1965). The
results obtained in this study are in well agreement with
this relationship and exhibit that the wear rate got dras-
tically reduced on increasing the reinforcement material
(Younesi et al., 2010; Mazzocchi et al., 2008).
The 3-dimensional wear track images of the HA and HZ30
coatings tested at 10 and 30 N are shown in Fig. 7b. It showed
that the depth of the wear grooves on HZ30 coating surface
was least and there was well controlled structure rather
than pure HA coating surface at 10 N load and also similar
structure was retained in 20 N load. Hence the observation
from the wear track confirmed the abrasive wear mechanism
on the surfaces of HA and YSZ reinforced HA coatings at low
wear load conditions and as well as demonstrated that the
reinforcedmaterials sustain the lowwear loads thus resulting
in minimal wear rates (Zhang and Alpas, 1993).

Meanwhile, it was found that the sliding wear rate of all
the coatings significantly increased by increasing the wear
load, which can be related to the changes in wear mecha-
nism on the coating surfaces. The order of increasing wear
rate is relatively higher in pure HA coating rather than HZ30
coating at high load applied. Herein, instead of abrasive wear
mechanism, adhesive and or third body wear mechanism
can also occur on all the coating surfaces. At high wear
load, partially or un-melted HA particles are easily discon-
nected from its lamella microstructure due to its feeble bond-
ing strength. Also continuous motion of the surfaces causes
breaking of the bond junctions and creates wear of parti-
cles from the weaker materials; this is the stand point of
adhesive wear mechanism during sliding at high load condi-
tions. Also, occasionally the resulting adhesive wear particles
can induce the third body wear mechanism. The reinforced
YSZ considerably enhances the cohesive strength of the splat
in lamella microstructure and thus prevents the removal of
HA from the coating microstructure. Furthermore, the rein-
forcement can considerably reduce the porosity in the coat-
ing microstructure; this has been clearly illustrated in Fig. 5.
Generally, the volume fraction of porosity and the pore size
distribution have considerable effect on the sliding wear be-
havior of plasma sprayed coatings. However, the constructive
and unfavorable role of porosity in wear resistance strongly
depends on the wear conditions. For example, presence of
porosity in the coatingmicrostructure provides a considerable
Fig. 7b – 3-dimensional image of wear track surface of HA and HZ30 coatings at 10 and 30 N wear load.
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advantage in lubricated wear conditions because it acts as lu-
bricant reservoirs or lubricating channels. In contrast, while
in dry sliding wear conditions, the porosity can promote sur-
face and subsurface cracking and also favor the occurrence of
granular wear particles in the contact area (Lim and Brunton,
1986). Hence due to these reasons, YSZ reinforced HA coatings
exhibit superior wear resistance than HA coatings in all the
load conditions. However, the resulting subsurface deforma-
tion on all the coatings during wear at 30 N wear load was in-
evitable, but it could be well controlled in 30% YSZ reinforced
HA coating.

Fig. 7b shows the 3-dimensional image of wear track
surface of HA and HZ30 coatings at 30 N wear load condition
as fact of surface deformation due to the combined wear
mechanism. At low wear load, the subsurface deformation is
negligible due to the type of wear mechanism and grooves
formation, but at high wear load, the depth of the grooves
formed from abrasive particles of the coating surface is
high and thus encourages the deformation over the surface.
Moreover, the overall observation from the wear track
surface of HA and HZ30 coatings at two different wear load
conditions provides more authentication of the change in
wear mechanism with respect to applied wear loads.

Fig. 7a presents the average friction coefficient of HA and
YSZ reinforced HA coatings for different wear loads. Fric-
tion coefficient was observed to be hovering around 0.5–0.7.
It was observed that with increase in normal load, friction co-
efficient decreases, i.e. direct proportionality exists between
the applied normal load and the measured friction coeffi-
cient. This rise in the friction coefficient can be attributed
to the changes in wear mechanism with respect to applied
loads. It was also observed that the load effect on friction
coefficient was less intense than that on the wear rate. Also
the YSZ reinforcement cannot significantly influence the fric-
tion coefficient values of the coatings even though it plays a
vital role in decreasing the wear rates. However, HZ30 coat-
ing has relatively low friction coefficient than pure HA coat-
ing at 10 and 20 N load conditions. This slight variation may
occur mostly because of the low porosity of the reinforced
coating. It was earlier mentioned that, removal of material
by pull-out from near the pore or in micro cracking regions
in splats leads to surface roughness. As a result, friction in-
creases substantially, favoring the occurrence of wear par-
ticles in the contact area. In addition to this, the relatively
smooth sliding surface obtained in the reinforced coating sur-
face leads to an increase in the cohesive force between the
two contact surfaces. The present investigation showed that
YSZ reinforced HA coatings has high hardness and low poros-
ity, which results in wear rate reduction. This implies that low
porosity and high hardness are mainly responsible for the low
wear rate in plasma sprayed coatings. This tribological prop-
erty examination cannot perfectly simulate the movement in
the real biological system. However, the sliding contact test
allows forecasting the highest wear resistance and friction
coefficient of HA coating with respect to YSZ reinforcement
under static conditions.

3.2. Electrochemical corrosion analysis

The potentiodynamic polarization experiments provided an
idea of the electrochemical activity of the coatings. The
potentials were either anodic or cathodic with respect to the
Fig. 8 – The potentiodynamic polarization curves of HA
and YSZ reinforced HA coatings in simulated body fluid
(SBF) solution.

primary electrochemical process occurring on the surface as
indicated by the polarization curves. The potentiodynamic
polarization curves obtained for the HA, HZ10, HZ20 and HZ30
coatings in simulated body fluid (SBF) solution are shown
in Fig. 8. In the plot of potential versus log i, extrapolation
of linear line to corrosion potential gives a straight line
and the slope gives both ba and bc and the intercept gives
the corrosion current. The corrosion potential (Ecorr) and
the corrosion current density (Icorr) for these coatings were
calculated from the polarization curves and are presented
in Table 2. The corrosion potential of the HA coated steel
is about −0.308 V. The HZ30 sample, when compared to HA
coating, shows a shift towards the positive side to −0.245 V.
It can be seen that the composite coatings improved the
corrosion resistance of the specimens by decreasing the Icorr.
For the HA coating, corrosion current density is about 3.236 ×

10−7 A cm−2, which decreases to 0.170×10−7 A cm−2 for HZ30
coating.

The electrochemical impedance spectrum of the sys-
tem was measured in the same three electrode assembly,
as used for the potentiodynamic polarization experiments.
Impedance measurements were made at open circuit poten-
tial (OCP) applying an AC signal of 10 mV in the frequency
range of 10 mHz–100 kHz. The impedance results obtained
from the Nyquist plots of the coating samples used for corro-
sion tests in SBF solution are shown in Table 2 and Fig. 9. The
interpretation of AC impedance data using the Nyquist plot
can become slightly complicated, particularly when small de-
fects are present and short circuit the resistance of the coat-
ing, a situation which approximates to the equivalent circuit
model shown in Fig. 9 (inside). When the sample is immersed
in the electrolyte the defects such as micro cracks in the coat-
ing provide the direct diffusion path for the corrosive me-
dia. In this process the galvanic corrosion cells are formed
and localized corrosion dominates the corrosion process. The
electrochemical interface can be divided into two sub inter-
faces: electrolyte/coating and electrolyte/substrate. Theoreti-
cally the Nyquist plot for such a system should exhibit two
responses, a high frequency response due to the parallel ar-
rangement of coating capacitance (Cc), and pore resistance
(Rpo), and a lower frequency response due to the corrosion
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Table 2 – Corrosion results of HA and YSZ reinforced HA coatings in SBF solution.

Coatings Ecorr
(V)

ba
(V dec−1)

bc
(V dec−1)

Icorr
(×10−7 A cm−2)

Corrosion rate
(mpy × 10−3)

Rct
(� cm2)

Cdl
(×10−10 F/cm2)

HA −0.308 0.025 0.047 3.236 3.691 12602 5.6158
HZ10 −0.283 0.020 0.027 2.636 3.007 20620 3.5101
HZ20 −0.255 0.015 0.011 0.886 1.011 28121 2.3993
HZ30 −0.245 0.009 0.009 0.170 0.194 50326 0.2212
Fig. 9 – Nyquist plots and equivalent circuit of the HA and
YSZ reinforced HA coatings.

cell formed at the base of the defect. The single semicircle be-
havior obtained for the samples is believed to be due to the
short exposure time (60 min), which is not sufficient to reveal
the degradation of the substrate (Liu et al., 2001).

The increase in Rct values and decrease in Cdl values as
shown in Table 2 for the HA with composite coatings system
confirm their better corrosion resistance property compared
to the HA coating. This suggests that significant improvement
in corrosion resistance in human body environment can be
achieved with the HA with YSZ. The defects such as porosity
and voids formed during the deposition of the plasma sprayed
coatings could weaken the material and provide easy fracture
path for adhesion failure. In a composite coating, as the
number of interfaces increase, more micro-pores are blocked
which improves the corrosion resistance of the composite
coatings.

From the polarization test results, the protective efficiency,
Pi (%) of the films can be calculated by Eq. (1):

Pi(%) =


1 −


icorr
i0 corr


× 100 (3)

where icorr and i0 corr indicate the corrosion current density
of the film and substrate, respectively (Yoo et al., 2008).
The protective ability of the coating increased with the
incorporation of YSZ into the HA coatings. The HZ30 film
showed the highest protective efficiency of 94.8% caused by
the lowest corrosion current density of 0.17 × 10−7 A cm−2.

3.3. Formation of apatite layer after immersion in SBF

In the case of HA coating, SEM microphotographs (Fig. 10(a))
could not reveal the formation of apatite on the surface of
the samples after 5 days of immersion, but after 10 days of
immersion in SBF, onset of apatite formation was found on
the surface of the HA coatings which later intensified in the
form of surface granules for 15 days of immersion. These
results were confirmed by EDS analysis that showed a mean
molar Ca/P ratio of about 1.78 for samples immersed in SBF
for 10 and 15 days compared to the initial samples whose Ca/P
ratio was at about 1.99. The SEMmicrophotographs (Fig. 10(b))
of HZ10 composite coatings did not quite clearly reveal the
formation of apatite on the surface of the samples after 5
days of immersion. It was confirmed after 10 and 15 days
that the apatite layer was formed on the coating surface. The
EDS analysis revealed a mean molar Ca/P ratio of about 1.85
for samples immersed in SBF for 15 days compared to the
samples immersed for 0,5 and 10 days whose mean molar
Ca/P ratio was about 1.98, 2.1 and 1.95 respectively.

Apatite formation on the surface of the samples immersed
in SBF for 5 days was not revealed by SEM microphotographs
(Fig. 10(c)) of HZ20 samples. After 10 days of immersion, the
onset of apatite formation on the surface of the coatings was
revealed, while after 15 days an apatite layer was formed on
the surface of the coatings. These findings were confirmed
by EDS analysis which indicated that for samples immersed
in SBF for 0 days the mean molar Ca/P ratio was about 2.0,
after 5 days 1.99, after 10 days 1.83 and after 15 days 1.79. The
SEM microphotographs of HZ30 did not indicate the onset of
apatite formation on the surface of the samples earlier than 5
days of immersion, as shown in Fig. 10(d). Only after 10 days
of immersion the onset of apatite formation was revealed on
the surface of the coating and after 15 days of immersion
the expansion in the formation of apatite on the surface of
the coatings was found. In addition, EDS analysis presented
a mean molar Ca/P ratio of approximately 2.1 for samples
before immersion in SBF, 1.77 for the samples immersed for
10 days in SBF and 1.73 for those immersed for 15 days.

In the case of all the types of coating samples, the onset
of biological apatite formation on their surface was detected
after 10 days in SBF solution, while concerning HZ10 samples,
there was no indication that an HCAp phase was crystallized
on its surface even after 15 days. This could probably be
attributed to the lack of homogeneity on the surface of HZ10
coatings, since the starting materials may behave differently
during the deposition on the substrate by the plasma spray
method (Blahoslav et al., 1999). The apatite formation spectra
of the present plasma sprayed coatings are in good agreement
with the standard biological apatite spectrum (Nancy et al.,
1991; Dong and Yu, 2011).

It was observed from the FTIR spectra of HA coatings
that after 5 days of immersion in SBF the onset of apatite
formation did not occur since there was no significant
alteration of the spectra, the FTIR spectra for 10days of
immersion showed a slight variation in the double broad
peak at 1050–1100 cm−1 indicating the preset of bioactivity
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Fig. 10 – Scanning electron microscope images of coatings after immersion in SBF solution at 0, 5, 10 and 15 days of
immersion: (a) HA; (b) HZ10; (c) HZ20; (d) HZ30.
but after 15 days of immersion in SBF solution, the shifting

and the sharpening of the broad peak at 1050–1100 cm−1,

attributed to the stretching vibrational mode of P–O of PO4
group; quite clearly indicated the formation of an amorphous

Ca–P phase (Chatzistavrou et al., 2006). The FTIR spectra of

HA, HZ10, HZ20, HZ30 coatings after 10 days of immersion in

SBF are shown in Fig. 11. The FTIR spectra of HZ10 coatings

did not indicate the onset of apatite formation on the surface
of the sample even after 15 days of immersion. The FTIR
spectra of HZ20 coatings for 5 days of immersion did not
indicate the onset of apatite formation, but for the samples
immersed for 10 days in SBF, the shifting and the sharpening
of the broad peak at 1050 cm−1, was revealed whereas the
FTIR spectra of HZ30 coatings after 10 days of immersion in
SBF solution, indicated the formation of an amorphous Ca–P
phase as confirmed by SEM–EDS analysis.
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Fig. 10 – (continued)
3.4. Cell culture test

The cells used in the culture test were the marrow stromal
cells (MSCs) of male SD rats. Fig. 12(a) shows fluorescence
photographs of the MSCs after being seeded onto the HA and
YSZ reinforced HA coating surfaces. The fluorescence micro-
scopic images revealed that the seeded MSCs had spread well
andwere seen clearly, indicating good livelihood and also that
in general all the coating samples were non-toxic for the cul-
tures. The MSCs density as visualized by cell staining showed
that these cells grow well after seeding onto the coating
surface for 24 h and was found to drastically increase for 48 h
of culture of the YSZ reinforced samples compared to the pure
HA coatings. Indeed, the SEM investigation (Fig. 12(b)) results
revealed that the cells adhered (for both 24 and 48 h) and
exhibited a normal elongated and spread-out morphology as
those cultured on cell culture surfaces. All the YSZ reinforced
coating samples seemed to highly promote the cell adhesion.
Overall, the culture revealed that the seeded cells had spread
well and the pseudopods were clearly seen, indicating the cy-
tocompatibility of the coating materials.
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Fig. 11 – Fourier transform infrared spectra of HA, HZ10,
HZ20 and HZ30 coatings after immersion in SBF solution at
10 days of immersion.

4. Summary and conclusions

In the present work, gas tunnel type plasma spray torch was
successfully employed to produce HA and YSZ reinforced HA
coatings i.e. Hydroxyapatite (HA), Hydroxyapatite and 10 wt%
YSZ (HZ10), Hydroxyapatite and 20 wt% YSZ (HZ20) and
Hydroxyapatite and 30 wt% YSZ (HZ30) on stainless steel
substrates. The coating properties such as the phase forma-
tion, microstructure and porosity were examined along with
its mechanical properties such as microhardness and slid-
ing wear rates. For the aspect of bioactivity, electrochemical
corrosion behavior and in vitro apatite layer formation were
tested in conventional simulated body fluid (c-SBF) solution.
Also the cytocompatibility of the coatings was investigated by
using green fluorescent protein (GFP)-labeled marrow stromal
cells (MSCs). According to the obtained results of these tests
the following conclusions can be drawn:

1. The reinforcement of YSZ in HA significantly reduced the
porosity and consequently increased the coating hardness
and enhanced the adhesive strength.

2. The sliding wear rate of the coatings was drastically
reduced with respect to reinforced YSZ content in HA
coatings.

3. The potentiodynamic polarization and impedance mea-
surements showed that YSZ reinforced HA coatings have
superior corrosion resistance compared to the pure HA
coatings in SBF solution.

4. In-vitro SBF immersion results showed the onset of ap-
atite formation on the surface of all the coatings, after
10 days of immersion except for 10% YSZ reinforced HA
coating.

5. The reinforced YSZ coatings are non-cytotoxic materials,
having improved cell adhesion, attachment and prolifera-
tion in cell culture tests after 48 h.
Fig. 12 – (a) Fluorescence and (b) scanning electron
microscope images of marrow stromal cell growth on HA
and YSZ reinforced HA coating surfaces.
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