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Abstract

Hydroxyapatite (HA) based bioceramic coatings were deposited onto titanium alloy substrates using the high velocity oxy-fuel
(HVOF) spray technique. This study aimed to reveal the relations among processing parameters, microstructure, and properties of
the bioceramic coatings. The processing conditions were altered through changing the starting HA powder size, content of bioinert
ceramic additives or composite powder preparation techniques. Coating structure was characterized through scanning electron
microscopy (SEM) and transmission electron microscopy (TEM); and the mechanical properties, Young’s modulus and fracture
toughness, of the coatings were evaluated through indentation techniques. Results demonstrated dominant influence of the melt
state of HA powders on the phase composition of resultant coatings, and it was found that the HVOF HA coatings possess
competitive mechanical properties. Furthermore, addition of titania or zirconia, as secondary phase in HA, showed promising effect
on improving the mechanical properties of the HVOF HA-based coatings. Chemical reactions between HA and titania; and, HA
and zirconia during coating deposition were revealed and characterized. Incorporation modes of the additives into HA and their
reinforcing mechanisms were elucidated. The relationship among the processing, microstructure, and mechanical properties of the
HVOF sprayed bioceramic coatings was summarily examined.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The predominant purpose of biomaterials is to
produce a part or facilitate a function of the human
body in a safe, reliable, economical, and physiologically
acceptable manner [1]. A prerequisite for any synthetic
material implanted in the body is that it should be
biocompatible in the sense of not producing an
inflammatory tissue reaction. In addition, the implanted
material is expected to withstand applied physiological
forces without substantial dimensional changes, cata-
strophic brittle fracture, or fracture in the long term
from creep, fatigue, or stress corrosion [2]. Accordingly,
hydroxyapatite (HA) coatings, which have been exten-
sively proposed as implants for bone and joint replace-
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ments [3-5], must possess acceptable biocompatibility
and mechanical performances. Previous in vitro and in
vivo tests have revealed that biological performances of
HA coatings were significantly related to their phase
compositions [5,6]. In order to achieve quick remodeling
and fixation with surrounding bone, the implant must
meet with limited dissolution post implantation. It has
been clarified that the dissolution was dependent on the
phases especially those located at the coating surface [6—
8]. It is known that dissolvability of the miscellancous
phases possibly existing in a HA coating can be
remarkably different. Indeed, the dissolvability hierar-
chy amongst Ca-P phases has been established to
proceed in the order ACP>TTCP>TCP>HA [6].
Even though phase composition of starting HA powders
can be ascertained as pure crystalline, nonetheless due to
the intrinsic characteristics of the thermal spray process,
phase transformation in HA cannot be effectively
avoided during the spray. Suitable thermal spray
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processing, optimized spray conditions, and apt powder
preparation are hence essentially required. High velocity
oxy-fuel (HVOF) spray is expected to be a promising
technique for HA coating deposition because it can
deposit HA with similar set of advantages that plasma
spraying can without the debilitating phase transforma-
tions, especially with decreased amorphous calcium
phosphate (ACP) content [9,10], following thermal
decomposition of HA.

Mechanical properties of HA coatings are crucial to
the long term survivability of the implants. Hence, the
enhancement of mechanical properties of HA coatings
through appropriate addition of bioinert ceramics could
help extend the application of HA coatings to, medium
to high load regions of the human skeletal system.
Besides the contribution of altered spray technique to
improve the mechanical properties of HA coatings,
incorporation of alternative osteogenic materials such as
bioinert ceramics did also showed promising effect
[11-13]. Positive effect of yttria stabilized zirconia
(YSZ) addition on bending strength of sintered HA
[14] and plasma sprayed HA [15] was revealed and,
titania incorporation also demonstrated remarkable
influence on HA microstructure during sintering
[16,17]. However, the reinforcing mechanism of the
bioinert ceramics in the HA-based coating is still not
firmly established. Moreover, it is obvious that different
processing conditions of the coatings should correspond
to remarkably different microstructure, and, hence
different properties. A systematic study on the effect
of processing and microstructure on properties of the
HA-based bioceramic coatings is beneficial for a good
understanding of the bioceramic coating system and
hence, its possible future use in biomedical applications.

In the present study, HVOF sprayed HA coatings
were investigated in terms of structure characterization
and mechanical property evaluation. YSZ and titania
powders were incorporated into HA coatings, respec-
tively, to produce HA-based composite coatings. The
incorporation modes were discussed in the present
study. The relationship among all the investigated
variables, especially microstructure-mechanical prop-
erty relationship, was discussed.

2. Experimental setup

Starting HA powders were made through a wet
chemical method subsequently followed by a spray
drying process, using a rotary atomising head, to
achieve near-spherical shape with a narrow size profile
[18]. Additional annealing heat-treatment at 900°C for
1.5h was conducted to obtain a crystalline HA
structure. In order to reveal the influence of processing
conditions on coating properties, three types of HA
powders in terms of different particle size ranges were

sprayed. These were 50+ 10pum (Type A), 40+ 10 um
(Type B) and, 30+ 10 um (Type C). The titania powders
employed in the present study were composed of pure
anatase phase. The commercial powder size were
approximately 1um. Yttria stabilized zirconia (YSZ,
8 wt% yttria) powders (Praxair Thermal Inc., IN, USA)
with an average particle size of 35 um were ball milled in
a zirconia planetary jar at a milling speed of 100 rpm for
3h. The final particle size of the YSZ powders had an
average size of 3pum. The size distribution of all the
powders employed in the present study was determined
using a laser particle size analyzer, Analysette 22,
Fritsch Gmbh, Germany. The composite coatings with
the composition 90 vol% HA + 10 vol% titania, 80 vol%
HA +20vol% titania, and 90 vol% HA + 10vol% YSZ,
were deposited using mechanically blended powders. A
fully computerized HV2000 HVOF system (Praxair,
USA) with a nozzle diameter of 19 mm was used in the
present study. The spray parameters of HVOF together
with those of plasma spray, which was used for the
spheroidization described below, are tabulated in
Table 1. The present spray parameters were selected
according to previous preliminary experiments. In order
to reveal the influence of incorporation modes on
strengthening effect of the additives on HA-based
coatings, the composite powders made from slurry-
spheroidization were also prepared and typically
sprayed to form composite coatings. During the
slurry-spheroidization process, the YSZ powder and
titania powder were mixed correspondingly with HA
feedstock (with an average particle size of 40 um) in
distilled water with PVA binder to form a viscous
solution. Subsequently, the slurry was stirred for 5h to
obtain uniform mixing. Removal of the organic binder
was achieved through heat treatment at 450°C in an
electrical resistant furnace for 1 h, and thereafter, heated
to 600°C for 6h for the purpose of intra-particle
consolidation. Separate slurry particles were obtained
using mortar and pestle; and ensuing ball milling at
100rpm for 2h. A 40kW DC plasma spray system
(SG-100, Praxair Thermal, USA) was employed in the
present study to accomplish the spheroidization process
for the HA/titania and HA/YSZ composite powders via
the slurry route. The plasma spray parameters are listed
in Table 1. Titanium alloy, Ti-6Al-4V, was used as
substrates. Flat plate samples, with dimensions of
100 x 20 x 2mm? in length, width and thickness, respec-
tively, were employed for coating deposition.

Surface and cross-sectional morphology of the coat-
ings was observed by means of scanning electron
microscope (SEM, JEOL JSM-5600LV) and; transmis-
sion electron microscope (TEM, JEOL, JEM-2010) at
200 kV. The cross-sectional morphology of the coatings
was observed using the TEM. With regards to the
inherent brittleness of HA, the TEM samples were
prepared on special copper slots (2 x 1 mm? in size) and
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Table 1
Spray parameters of HVOF and plasma spray

HVOF Plasma spray (for the

spheroidization)

Flow of H,: 566 1/min

Flow of O,: 283 1/min

Spray distance: 250 mm
Flow of Ar (powder carrier
gas): 191/min

Powder feeding rate: 8 g/min

Net energy: 2kW

Flow of Ar: 28.301/min

Flow of He: 18.871/min
Distance from water: 200 mm

Flow of Ar (powder carrier
gas): 9.431/min
Powder feeding rate: 8 g/min

followed by polishing and ion milling processes. Phase
composition of the starting powders and as-sprayed
coatings was analyzed by X-ray diffraction (XRD)
(MPD 1880, Philips, the Netherlands). The operating
conditions were 40kV and 30mA by using Cu Ko
radiation. The goniometer was set at a scan rate of
0.015°/s over a 20 range of 20-60°. Quantitative phase
analysis on investigated crystalline coatings was con-
ducted using Rietveld method [19,20]. High temperature
differential scanning calorimetry (DSC, Netzsch Ther-
mal Analysis, DSC 404C, Germany) was utilized for the
characterization of thermal behavior of the powders at
elevated temperatures. The DSC test used nitrogen gas
with a flow rate of 150 ml/min as the analysis atmo-
sphere. Fractures toughness and Young’s modulus of
the investigated coatings were also determined in the
present study. Indentation technique was employed for
the fracture toughness determination and 3-point bend
test was used to measure the Young’s modulus (E) of the
bulk coatings. Both techniques have been elaborated in
a previous paper [21]. The indentation test was
conducted on fine polished cross-sections (using 1um
diamond paste) of the coatings, and a Vickers load of
0.5~ was thereafter applied on the samples with a load
application duration of 15s. A total of 15 points
were collected for each type of coating. The experiment
was conducted on the HMV-2000 Shimadzu microhard-
ness tester. The 3-point bend test was carried out on
double-side sprayed specimen so that the symmetry can
be ascertained while the coatings on both sides are
of the same thickness. The dimension of the substrate
for 3-point bending test was 120 x20x2mm’ in
length, width and thickness, respectively. The coatings
had a thickness of 180+ 10um. Three samples were
prepared for the bending test for each type of coatings.
Three bending curves were obtained by choosing
different positions for every sample. The tests were
performed using Instron universal testing machine and
the bending rate employed was 0.2 mm/min. Subse-
quently, a set of load—displacement data was chosen for
the calculation of E within the elastic deformation
regime.

3. Results and discussion
3.1. X-ray diffraction

XRD plots of as-sprayed HA coatings investigated
are shown in Fig. l. It reveals that, besides the peaks
designated to crystalline HA, the peaks belonging to -
TCP (Caz(POy),) are found in all the as-sprayed
coatings. It is noted that, apart from the different
amount of TCP, different crystallinity values can be
induced from the XRD patterns. Smaller initial HA
powders brought about lower crystallinity in the as-
sprayed coatings. Using XRD area integration method
[22], the crystallinity of the three types of coatings was
determined using the main peak [21 1]. It reveals that,
under the same spray conditions, Types A, B, and C
coatings have the crystallinity values of 95%, 85%, and
41%, respectively. It has been widely reported that -
TCP was formed in the as-sprayed coatings due to HA
phase decomposition [23,24]. The increased content of
such phase in the coatings made from small HA
powders (Type C) indicate extensive transformation of
HA during the spraying. Moreover, it is also noted that
in the coating made from 40 um HA powders (Type B),
a trace of TTCP appeared, while in Type C coating,
made from the smallest HA powders, a small amount of
p-TCP was detected. The presence of TTCP and -TCP
suggests that further heating of HA could result in
further phase transformation to TTCP. This point has
been reported in Ref. [25] that transformation of HA to
TTCP occurred at about 1360°C through some transient
phases. The appearance of -TCP is possibly attributed
to the phase transformation from o-TCP at about
1100°C [26]. It should be noted that TTCP and S-TCP
were only detected in the coatings made from small HA
powders (Types B and C). This may suggest the influence
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Fig. I. XRD plots of the HVOF sprayed pure HA coatings showing
the influence of particle size of the starting powders on phase
composition of resultant coatings, the powder size is: (a) 50+ 10 pm,
(b) 40+ 10 pm, and (c) 30+ 10 pm.
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of the melt state of HA powders on subsequent cooling
rate upon impingement, which could determine further
phase transformation besides «-TCP. This point was
proved by other studies that once HA powders were
totally melted, in the resultant coating, the phases, «-TCP,
TTCP and -TCP, are all exhibited [27]. The difference in
the content of «-TCP in the coatings demonstrated in
Fig. 1 further indicates that the extent of HA phase
decomposition may possibly be substantially related to the
melt state of the powders during coating formation.

3.2. Electron microscopy of HA powders and coatings

Analysis on HVOF sprayed HA powders suggests
remarkable different melt states of the particles. The
spheroidised particles were collected through spraying
the powders into distilled water, thereafter collected
and, dried for further analysis. The melt state of the
powders can be verified through observing the polished
cross-sectional morphologies in a SEM, which are
shown in Fig. 2. It is observed that the large powders
are only partially melted, which can be affirmed by the
resolidified shell of the powders (Fig. 2a). For the small
HA powders, near-fully melted state is demonstrated
(Fig. 2¢). Since the detachment of the unmelted layers
within the particle may occur during the sample
preparation, the melted shell of a single particle
remained in the specimen (Fig.2b). A statistical
observation of a large quantity of particles states that

: Bku

increase of powder size results in decrease of melting
fraction. It is nevertheless believed that powders’ melt
state should be responsible for the final coating
microstructure. From this point of view, the melt
fraction of powder is practically meaningful. Therefore,
to achieve high crystallinity of the coating, which is
required for a quick fixation of the coating during their
service as implants in biomedical applications, appro-
priate powder size together with apt HVOF spray
parameters must be carefully selected. The coating
morphology shown in Fig. 3 further reveals the influence
of the melt state on grain size of the coatings. It clearly
demonstrates the interface zone between melted and
unmelted parts within a HA splat. It is noted that the
HA grains located in unmelted part are of far larger size
than those in melted part (Fig. 3), which states the
influence of rapid cooling on grain growth during
coating formation. The relatively reduced grain size
located in the resolidified zone, which is around splats’
interface, should act as an important factor contributing
to the improved mechanical properties. TEM observa-
tion also clarifies that most of TCP phase observed
reside in region where HA decomposed. It is therefore
believed that the melted portion of the powder is in
direct response to the formation of amorphous phase.
The crystalline HA can be attributed to the original HA
phase in the starting powders. The «-TCP, p-TCP, or
TTCP phases could also have resulted from the
decomposition of the powders at the melted region.

11iR

Fig. 2. Cross-sectional morphology of HVOF sprayed HA particles showing their different melting fraction depending on their size under the same

spray conditions.
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Fig. 3. TEM image of as-sprayed HA coating showing the interface
between melted and unmelted parts within a HA splat and different
grain size.
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Fig. 4. XRD patterns of HVOF sprayed HA/10vol% titania coating
(a) and HA/10vol% YSZ coating (b) using the mechanically blended
powders.

Fig. 4 shows the XRD patterns of the HA/titania and
HA/zirconia composite coatings. It is evident that
chemical reactions between the components, namely
HA with titania, and HA with zirconia, took place
during coating deposition, which are indicated by
the appearance of CaTiO; and CaZrO; respectively.
The following formula is suggested for illustrating the

chemical reaction between HA and titania
Ca9(PO,)s(OH), + TiO,
—3Ca3(PO,),(TCP) + CaTiO; + H,O1 (1)

Many researchers have analyzed the reaction between
HA and #-zirconia, which is described as follows [28-30]:

Ca9(PO4)s(OH),(HA)
—3Ca3(PO,),(TCP) + CaO + H,01 (2a)

CaO + ZrO; —» CaZrO; (2b)

During the composite coating formation, phase
decomposition of HA also took place in the form of
Eq. (2a). However, compared to pure HA coating which
is also made from the same HA powder size, TTCP is
not present in the composite coatings. This phenomenon
may suggest coexistence of either titania or zirconia with
HA has beneficial effect in inhibiting its further phase
transformation.

3.3. Differential scanning calorimetry (DCS)

In order to fully understand the influence of the
additives on thermal behaviors of HA at high tempera-
tures, high temperature DSC test was conducted on the
composite powders as well as pure HA for comparison.
Fig. 5 illustrates the DSC heating curves of all the
powders. It was revealed that the starting HA powders
(a) and HA/titania powders (b) and HA/zirconia
powders (c) show miscellaneous chemical changes
except for the peak labeled at around 1457°C, which
would be the point where further transformation of HA
occurs [31,32]. It is found that HA powders exhibit
endothermic characteristic during heating, which spans
approximately from 1180°C to 1340°C. These broad
peaks may refer to the phase transformation from HA
to a-TCP or even CasO(POy);, [23,31]. Beyond 1200°C
HA would lose its OH™ groups gradually [31]. The
comparison among the mixed powders (b,c) and pure
HA powders (a) indicates that the chemical reaction
occurs at around 1410°C for HA/titania and 1350°C for
HA/zirconia under existing DSC conditions (i.e. N,
atmosphere). It is obvious that under the present DSC
conditions, the reaction between HA and zirconia is very
limited, which may be attributed to the limited content
of CaO, that in turn can only come about from thermal
decomposition of HA. Other reports have pointed out
that CaZrOj; has appeared at 1100°C [28] or 1200°C [12]
for the HA/YSZ composites, which may depend on how
fast phase transformation in HA occurs. It is never-
theless suggested that limited HA phase transformation
is a useful way to avoid the chemical reaction between
HA and zirconia. It shows that the chemical reaction
takes place while the components are in solid state.
Based on the present comparative DSC results, it is
reasonable to claim that the chemical reaction between
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Fig. 5. DSC heating curves of: (a) HA powders, (b) mechanically blended HA/10vol% titania powders, and (c¢) mechanically blended HA/10 vol%

YSZ powders (heating rate is 10°C/min).

HA and titania takes place at around 1410°C during the
HVOF composite coating deposition. The present
results also suggest that the existence of either TiO, or
zirconia powders can effectively inhibit HA phase
transformation at temperatures lower than their chemi-
cal reaction points, which is indicated by the disappear-
ance of correspondent peaks marked from 1180°C to
around 1340°C. Even though Weng et al. [16] reported
that HA/titania composites sintered at 900°C with
60min demonstrated CaTiO;, as a byproduct of the
chemical reaction, the long heating duration seems to
play an important role in determining the reaction rate,
and the temperature at which the reaction occur.
Moreover, the particle size of titania and its content in
the composites should also be considered.

In order to fully understand the reaction behavior
between the components, reaction activation energy
between HA and titania was studied. Basically, the
activation energy of the chemical reaction between HA
and titania can be determined from the DSC curves with
various heating rates according to multiple-heating-rate
methods [33]. The Kissinger equation was used for the
activation energy determination [33]
dlin(¢/T2)] _ © )

d1/1,) R
where Q is the activation energy, R is the gas constant
(8.31J/molK), T; is the reaction temperature obtained
from the DSC test (K), ¢ is the heating rate (K/min). In
the present study, the HA/titania composite powders
were studied by high temperature DSC with different
heating rates. The heating rates, 5, 10 and 15 K/min,
were investigated.

The DSC curves under various sample heating rates
on the mechanically blended HA and titania powders
are shown in Fig. 6. It is found that the reaction
temperature changed slightly depending on sample

'
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Fig. 6. Effect of heating rate on the mutual reaction temperature
between HA and titania.

heating rate: 1411.75°C (5K/min), 1414.75°C (10K/
min) and 1416.5°C (15K/min). It is noted that the
heating rate shows some effect on the temperature value
at which the chemical reaction between HA and titania
occurs. According to this multiple-heating-rate method,
the activation energy, Q, can be calculated. Fig. 7 shows
the regressive curve relating In(¢p/7T?) and 1/T, which
were calculated from the DSC results shown in Fig. 6. It
is obvious that Q can be determined from the slope of
the curve according to Eq.(3). It reveals that the
activation energy of the chemical reaction between HA
and titania is 5441.46 kJ/mol.

Through spraying either the composite powders into
distilled water for analysis, results showed no evidence
of chemical reaction between HA and zirconia, or, HA
and titania. Therefore, the reaction nevertheless took
place during coating formation. It indicates that the
chemical reaction has very limited reaction time, which
is in response to a limited extent of the reaction. It
should be noted that due to the relatively low
temperature of HVOF flame (<3000°C), and high
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Fig. 7. Activation energy (Q) determination through In(¢/ Trz) versus
1/T; curve.

Titania

Fig. 8. Morphology of HA/titania composite structure showing that
titania is surrounded by a chemical reaction layer with the thickness of
around 140 nm.

melting or transformation points of titania and zirconia,
the titania and zirconia additives could not be melted
during the spraying. The morphology analysis through
SEM observation in the present study confirmed that
phenomenon. Compared to the extensively used plasma
spray process, the present HVOF technique effectively
limit both phase transformation of zirconia, which is
detrimental for coating structure due to different CTE
possessed by different structures, and chemical reaction
with HA. The reaction could influence the structure of
the accumulated coating. The microstructure of the HA/
titania composite coatings is analyzed using TEM,
which is shown in Fig. 8. A thin layer (~120nm)
between HA and titania was revealed. Further EDX
detection claims that that layer is the reaction layer,
which contains mainly the reaction resultants. It is
found that the layer is dense, and it connects the two

components together firmly. It therefore can be con-
cluded that limited reaction between the components,
HA /titania or HA/zirconia, may have beneficial influence
in improving coating structure. Chou et al. [29] studied
the microstructure of plasma sprayed HA/zirconia
composite coatings in detail and pointed out that CaZrO;
was formed through diffusion of calcium ions to zirconia
and, a crystal-orientation relationship between zirconia
and CaZrO; was revealed. However, in the present study,
as mentioned above, the chemical reaction can only be
possible during the impingement stage, as the splattering
of sprayed particles on precoating or substrate is an
isolated procedure, the reaction could be very limited and
a reaction layer is quite likely the result.

In order to compare the results made from various
powder preparation techniques, the composite powders
made from slurry-spheroidization was also studied. The
present HA/titania composite powders were processed
using plasma power 2 kW. The typical surface and cross-
sectional morphology of spheroidized HA/TiO, and
HA/YSZ powders is shown in Fig. 9. A smooth particle
surface is clearly observed (the morphology shown in
(a)) and, therefore, a densified surface layer around the
composite particle induced by plasma spray could be
deduced. Figs. 9b and c further reveals the improvement
of the components’ interface, that is, titania or YSZ
powders firmly bond with HA particle. Concerning the
partially melt state of HA particle under the present
plasma spray conditions, it is possible that the chemical
reaction between HA and titania could occur during the
spheroidization.

XRD analysis on these spheroidized composite
powders, which is depicted in Fig. 10 for HA/titania
powders, confirms that prediction. It was revealed that,
compared to the raw slurry composite powders after
sieving, spheroidized HA/TiO, and HA/YSZ powders
demonstrate significant chemical reaction, which is
suggested by the appearance of large amount of reaction
product, CaTiO3 or CaZrOs;. In the plasma spheroidized
composite powders, the phase composition of crystalline
HA, o-TCP and CaO were also detected. It indicates
that during the spheroidization process, the chemical
reaction between the components took place. Large
amount of CaTiOz or CaZrOs is not beneficial since
these phases have a low degree of bioactivity. Moreover,
the present study did not find any effective method to
reverse the reaction. Therefore, the powders are
essentially deemed as undesirable for coating deposition.
Nevertheless, spheroidized HA/10vol%YSZ powders
were HVOF sprayed to reveal further structural changes
and changes in mechanical properties. Phase analysis on
the coatings showed that content of CaZrO; increased
from 1.15wt% in the spheroidized powders to 3.37 wt%
in the coatings. It alludes to further reaction between
zirconia and CaO occurred as extra CaO was released
from decomposition of HA during thermal spraying.
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Fig. 9. Typical surface and cross-sectional morphology of spheroidized HA/TiO, (a,b) and HA/YSZ composite powders (c) by plasma spraying at

the power level of 2kW.
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Fig. 10. XRD patterns of typical plasma spheroidized HA/titania powders.

3.4. Mechanical properties

Elastic modulus and fracture toughness of all the
coatings investigated are shown in Fig. 11. It shows that
addition of titania or YSZ has a positive effect on
improving both the Young’s modulus and fracture
toughness of the coatings. The difference in fracture
toughness indicates that the coating microstructure
bring about remarkable effect on the fracture behavior.
Microstructure observation shows that the cracks
induced by the indenter propagate along the splats’
interface within the coatings. As shown in Fig. 11, it

reveals that small HA powders result in higher fracture
toughness. It is believed that fully melted powders could
result in a relatively high splats’ bonding ratio. As a
result, increased interface density can be expected, which
was believed to be a predominant beneficial factor
influencing fracture toughness [34]. The phases that
resulted from thermal decomposition are likely to be
located near or even along the splats’ interface and,
hence effectively contribute to the splats bonding area.
Thus, the ability to inhibit crack propagation induced
by the indenter could be improved. From this viewpoint,
a complete melt state achieved by small HA particles is
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Fig. 11. Young’s moduli and fracture toughness of the investigated
bioceramic coatings.

beneficial for the splats’ bonding, and thus, is respon-
sible for the improvement of fracture behavior. The
increased Young’s modulus and fracture toughness
exhibited by the composite coatings indicate the
influence of existence of the ceramic as additives and
the effects brought about mainly by chemical reaction
byproducts. Previous study has also pointed out that the
bonding state among splats played an important role as
coating microstructure correspondingly influences its E
to a large extent [35]. The changes in Young’s modulus
exhibited by the composite coatings imply the main
solitary effect of the ceramic as additives; Young’s
moduli of titania and zirconia are far higher than that of
HA. Furthermore, changes of other variables, such as
residual stresses [36] induced by addition of the bioinert
ceramics, may also be involved in altering the overall
Young’s modulus of the coatings. Concerning the
principles of the indentation method used for the
fracture toughness determination [21], it is obvious that
bonding state among the splats is mainly responsible for
the ability of the coating to inhibit crack propagation.
The chemical reaction between HA and titania, and HA
and zirconia contributes significantly to the improved
fracture toughness in the sense that the interface
between the components’ splats was enhanced, which
has been clarified through morphology study shown in
Fig. 8. Significantly improved fracture property exhib-
ited by the spheroidized coating shown in Fig. 11 further
allude to the importance of splats’ interface in influen-
cing coating mechanical property. Therefore, it is
believed that the main reinforcement mechanism of the
present bioceramic composite coatings is crack deflec-
tion or impediment. From this viewpoint, limited
chemical reaction is beneficial together with the con-
sideration that it is possible that during medical service
of the composite coatings, releases of titania or YSZ
particles would be avoided. Also, the reaction layer
could act as an underlying support structure during its

application, and hence, improve the overall strength of
the implant.

From the present study, it was revealed that the
processing conditions were responsible for the micro-
structure of resultant coatings, and hence influenced the
mechanical and biological properties. As an alternative
to improve the properties of the as sprayed HA coatings,
the composite coating is an attractive way towards
achieving improved mechanical properties of the cal-
cium phosphate coatings through incorporation of
bioinert ceramic additives. However, it should be noted
that the additives must be suitably selected in terms of
type, incorporation mode, and content. Extent of the
chemical reaction between HA and additives would be
an important factor determining the ultimate structure,
and hence, strength of the resultant composite coatings.
As a summary, an overview graph is drawn to portray
the significant dependence of both mechanical proper-
ties and phase composition of the HVOF HA and HA/
titania (YSZ) coatings on processing condition. The
graph is shown in Fig. 12, in which the comparison with
plasma sprayed HA coatings is also illustrated. Gen-
erally, other reports also pointed out that, with content
increase of the bioinert additives, mechanical properties
of the corresponding composite coatings are effectively
augmented [37,38]. The present study further revealed
the importance of reactivity of the additives with HA.
Additionally, combined with the aforementioned points
on strengthening mechanisms of the bioinert ceramic,
small particle size could be beneficial for the improve-
ment of mechanical properties. On the other hand, the
relationship can also be used to effectively predict
coating property and optimize thermal spray processing.

4. Conclusions

The relation among processing parameters, micro-
structure, and property of HVOF sprayed HA, HA/
titania, and HA/YSZ composite coatings was discussed
in fair detail in this paper. The results showed that, for
pure HA coatings, processing conditions, including
starting powder size, exhibited significant effect on the
structure of resultant coatings, and hence their mechan-
ical properties. The influence of processing on micro-
structure was achieved mainly through different melt
state of the powders during coating deposition. It is
therefore possible that a future refine study can found a
relatively accurate relation between extent of HA
transformation and melt state of separate HA particles.
The incorporation of ceramic additives, YSZ and
titania, showed promising effect on improving mechan-
ical performances of HA-based coatings. However, it
was revealed that chemical reactions between zirconia
and HA or titania and HA cannot be avoided during the
coating formation. Even though it was generally
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with HA;
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point.
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HVOF HA coating
HA particle size:
-75um + 30pm

Poor Mechanical properties

>

High

Fig. 12. An overview of dependence of both mechanical properties and phase composition of the HVOF sprayed bioceramic coatings on processing

conditions.

believed that the chemical resultants have detrimental
effect on biological performances of the composites, the
chemical reaction layer, which was clarified in the
present study, nevertheless has beneficial contribution
to improved structure and mechanical properties. A
general overview was proposed to explicate the relations
among the processing parameters, microstructure, and
properties of the HVOF sprayed bioceramic coatings.
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