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Abstract

Microstructure characterization and property evaluation of high velocity oxy-fuel (HVOF) sprayed hydroxyapatite (HA) splats

and coatings were conducted in the present study as a function of the proportion of melting that occurred in HA particles during

HVOF spray. In vitro behavior of single and folded HA splats in simulated body fluid was also investigated. Results showed that

phase composition of as-sprayed HA coatings was influenced significantly by the melt fraction in HVOF sprayed particles. Melt

fraction of the HA powders were experimentally determined from particle morphology analysis. It was found that the spray

parameters and starting powder size influenced the melt fraction of the particles. In vitro investigation of individual HA splats made

from different HA particles revealed decisive role of local phase composition in influencing their dissolution/precipitation behavior

during the test. Furthermore, Raman spectroscopy qualitative inspection on the sprayed HA particles (partial melted) revealed that

thermal decomposition occurred within the melted part rather than the unmelted zone. Young’s modulus and micro-hardness of the

as-sprayed particles and coatings were determined using nano-indentation technique. The resolidified zone of the sprayed HA

particles exhibited an average Young’s modulus value of 41.25GPa. The measured values ranged from 23.1 to 65.3GPa. The

unmelted part of the HA powders showed a markedly narrower range. Young’s modulus value of 83.9GPa (79.4GPa) was

recorded for this region. This succinctly highlight the difference between the unmelted region and melted regions of a HA particle.

Young’s moduli values measured on HVOF coatings were found to mirror the trend found in the spheroidised particles and splats

with apt fidelity.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) coatings deposited using ther-
mal spray techniques on titanium alloy substrates
showed capability of avoiding the inherent mechanical
property limitations of bulk HA without remarkable
loss in biocompatibility [1,2]. In order to elucidate the
potential of HA in clinical applications, extensive
investigations on thermal sprayed HA coatings have
been conducted mostly through in vitro and in vivo tests
[3–7]. The bioactivity of thermal sprayed HA coatings
has been generally disclosed through previous studies
[3,4,8–10]. It was found that the macro- and micro-
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s: mkakhor@ntu.edu.sg (K.A. Khor).

front matter r 2003 Elsevier Ltd. All rights reserved.

materials.2003.08.008
structure of HA was particularly important for the
apposition of bone [11]. The biological performance of
the calcium phosphate coatings was essentially phase-
dependent and, biological behavior of the phases in the
calcium phosphate family has been largely elucidated
[12,13]. It is therefore postulated that optimization of
the phase composition of as-sprayed calcium phosphate
coatings is a prerequisite towards their competitive
applications. Owing to its relatively low flame tempera-
ture (o2800�C) and high flame velocity, high velocity
oxy-fuel (HVOF) technique showed potential for
depositing highly dense HA coatings. The advantages
of HA coatings deposited using HVOF lie in diminished
phase transformation of HA, and enhanced mechanical
properties compared to those deposited using plasma
spray. It should be noted that the extent of thermal
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decomposition of HA to tricalcium phosphate (TCP),
tetracalcium phosphate (TTCP), or amorphous calcium
phosphate (ACP) is closely related to the heat input, and
hence the melt state of HA particles during coating
deposition [14–16]. The term ‘melt-state’ refers arbitra-
rily to the extent of melting that took place in the
particles prior to impact, and subsequent solidification
on the substrate. It would be possible that the phase
composition, and, properties of resultant HA coatings
can be achieved through the control of the melt state of
HA particle in the HVOF flame. Since it is difficult to
accurately determine the melt state of HA from
microstructure analysis of bulk coating, examination
made on individual sprayed HA particles and splats is
performed in this study.
Thermal sprayed coating is composed of liquid

droplets that rapidly solidified upon impact. Occasion-
ally, the droplets might partially solidify prematurely
prior to impact. It is likely that some droplets will
contain entrapped gases. Furthermore, it is well known
that thermal sprayed coating shows a layered structure,
which is a splat-accumulated structure. Apart from the
influence of residual stresses, which is generated during
coating formation, properties of the bulk coating are
essentially derived from the characteristics of the
solidified splats, which are fundamentally the basic
units in the thermal sprayed coatings [17–19]. Therefore,
the study on the properties of sprayed particles and
splats are essentially important. Extensive studies have
been focused on morphology characterization of the
thermal sprayed splats [20–22]. However, property
evaluation is still acutely lacking, mainly due to the
limitation of existing testing techniques. Moreover, the
overall in vitro behavior of bulk HA coating should be
directly related to that of separate HA splats. A good
understanding of the in vitro behavior of single HA
splat would significantly contribute to the knowledge on
dissolution/precipitation mechanism of HA coatings. In
the present study, HVOF sprayed HA powders were
collected for structure characterization and property
evaluation. Furthermore, isolated HA splats were also
deposited on polished Ti–6Al–4V substrates and subse-
quently immersed into simulated body fluid (SBF) for
investigation.
oating

esignation

Flow of

oxygen

(l/min)

Flow of

hydrogen

(l/min)

Spray

distance

(mm)

Powder

-1 236 519 210 A

-2 236 519 250 A

-3 283 519 250 A

-4 283 566 250 A

-5 330 566 250 A

-6 283 566 250 B

-7 283 566 250 C

ote: Powder A: 50710 mm, powder B: 40710mm, powder C:

0710 mm.
2. Experimental procedures

Spray dried HA (SDHA) powders made from a wet
chemical method [23] were employed for the spraying.
The powders were only composed of crystalline HA,
which was ascertained through an annealing treatment
at 900�C after the spray drying process. The HA
powders were sprayed using a fully computerized
HV2000 HVOF system (Praxair Thermal Inc., USA)
with a nozzle diameter of 19mm. Hydrogen (99.9995%
in purity) was utilized as the fuel gas combusted in
purified oxygen gas (99.8% in purity) and the powder
carrier gas was argon (99.998% in purity). Powder feed
rate was 6 g/min. In order to achieve the different melt
states in the powders, HA powders in different particle
size range were prepared through fine sieving. The size
range distribution of the powders was analyzed using a
laser particle size analyzer (Analysette 22, Fritsch
Gmbh, Germany). Before the systematic study of the
HVOF HA coatings, extensive preliminary work was
conducted in optimizing spray parameters and starting
HA powders. It was found that for HVOF spraying, due
to its relatively low flame temperature and short in-flight
dwelling of the powders during spraying, once the
powder size was larger than 75 mm, the heating of the
HA powders would be insufficient (very limited melting
at the shell of the particles), which resulted in extremely
poor bonding of the deposited powders to form a
coating. Most of the particles that impacted on the
substrate rebounded off. Furthermore, it was revealed
that, when the powder size was less than 20 mm, the
powders were overheated such that amorphization/
decomposition was intensified and the crystallinity was
generally o30%. The salient characteristics of the
powders and HVOF spray parameters are tabulated in
Table 1.
Structure characterization of the powders and coat-

ings was conducted using scanning electron microscopy
(SEM, JEOL JSM-5600LV) and transmission electron
microscopy (TEM, JEOL, JEM-2010) at 200 kV. Cross
sections of the collected powders were ground and
polished for the observation under SEM. Phase compo-
sition of as-sprayed coatings was qualitatively deter-
mined through X-ray diffraction (XRD) analysis (MPD
1880, Philips, the Netherlands). The operating condi-
tions were 40 kV and 30mA with Cu Ka radiation. The
goniometer was set at a scan rate of 0.015� 2y/s over a
2y range of 20–60�. A Raman spectroscopy analysis was
conducted on polished (1 mm diamond paste) cross-
sections of sprayed particles at different locations
using a Renishaw Raman imaging microscope WiRE
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spectroscopy equipped with 50mW Class 3B helium–
neon laser (l ¼ 632:816 nm). The probing spot was
about 4 mm in diameter under � 1000 microscope (Lei
DML). Quantitative phase analysis on investigated
crystalline coatings was conducted using Rietquan
program based on the Rietveld method [24]. It has been
proved that these methods using structure parameters
was significantly more reliable than those using peak
separation or total integrated intensities of groups of
overlapping peaks [25]. The detailed information for the
refinement, e.g., crystal structure information for phases
refined by the Rietveld method, refinement principles,
etc., has been provided elsewhere [26].
The melt fractions of HVOF sprayed HA powders

were experimentally determined through image analysis.
It was found that during the present HVOF spraying,
most HA powders were only partially melted, which is
schematically shown in Fig. 1. After appropriate
grinding and polishing, from the figure, the ‘melt
fraction in particle’ (MFP) of HA powders is defined
as the ratio of melted volume to the whole particle’s
volume:

MFP ¼
Vmelted

Vtotal
¼

R3 � r3

R3
� 100%; ð1Þ

where R and r are the radius of HA particle and the
unmelted core, respectively. Determination of MFP was
performed through deriving the area ratio obtained
using the ImagePro image analysis software to volume
ratio. From the image analysis, the area ratio of molten
part (A) and area of unmelted part (B) can be
determined

a ¼
A

B
¼

R2 � r2

r2
: ð2Þ

Combined with the above definition, the melt fraction
of alternative HA particles can be calculated according
to the following formula:

MFP ¼ 1�
1

1þ a

� �3=2

: ð3Þ

The calcium phosphate splats were collected on
polished Ti–6Al–4V plate substrates by using the same
HVOF spray process as C-4. The powders with
alternative sizes were sprayed to prepare splats with
r

R

Fig. 1. Sketch of HA particle during HVOF spraying showing

partially melted state, R—radius of HA particle, r—radius of unmelted

core.
different morphology on the polished Ti substrates. A
filter-plate was placed between the substrate and HVOF
flame to ‘filter’ off single HA splats from the spray
stream, and several holes of 1mm in diameter were
drilled on the plate. In the present study, the splats were
incubated in the SBF for up to 3 days to reveal its
dissolution/precipitation behavior. The substrate on
which HA splats were deposited used for in vitro test
was of the dimension of 12� 12� 2mm3 in width,
length and width, respectively. The Kokubo SBF
(pH ¼ 7:40) [27] was used for the in vitro incubation.
The in vitro test was conducted in a continuously stirred
bath containing distilled water with a stable temperature
of 37�C. Each sample was incubated in 70ml SBF
contained in a polyethylene bottle. Once the sample was
taken out from the solution, it was washed in distilled
water and subsequently dried at ambient temperature.
The Young’s modulus and microhardness of the

sprayed particles were determined through nanoinden-
tation test on Nano-IndentersXP equipment. The
samples were fine polished using 1 mm diamond paste
after grinding. Since the nanoindentation test was
carried out on small areas of materials, it was believed
that local mapping of elastic modulus variations on the
size scale of the microstructure was possible [28–30]. The
nanoindentation was carried out on the polished cross-
sections of the sprayed particles and the coatings. For
each sample, a total of 15 data points were collected for
an average value. The load used for the present
nanoindentation was 30mn. Furthermore, Young’s
modulus determination via 3-point bend test, and
fracture toughness determination via micro-indentation
test, on the coatings was conducted. The test methods
have been reported in detail in a previously published
report [31]. The adhesive bonding strength testing was
carried out according to ASTM C633-79. The testing
was conducted using the universal Instron machine with
a tensile rate of 1mm/min.
3. Results and discussion

3.1. Influence of melt fraction on structure of resultant

HA coatings

Typical cross-sectional morphology of as sprayed HA
particles are shown in Fig. 2. The SEM morphology
obviously demonstrates the miscellaneous powders’ melt
state. It reveals that with the increase of particle size, the
melt fraction of the particles decreases. Fig. 3 shows the
experimental results on the melt fraction of the powders
(MFP) during HVOF spraying. Fine powders (C-7,
30710 mm) contained MFP values in excess of 90%,
while the large powder (C-4; 50710 mm) have MFP
values that stretches down to B20%. It also shows that
apart from the influence of starting powder size, the
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Fig. 2. Cross-sectional morphology of HVOF sprayed HA particles showing their different melting fraction depending on the altered particle size.
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Fig. 3. Melting fraction of HA powders during HVOF spraying, the

value was obtained from image analysis on collected HA particles.
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increase of flow rate of oxygen and hydrogen, which
contributes to an increased flame temperature, also
results in increased melt fraction values (cf. C-2 and C-5
in Fig. 3). The result confirms that high oxygen or
hydrogen flow rates (330 l/min for oxygen and 566 l/min
for hydrogen as in C-5) are beneficial towards achieving
adequate melt fraction of HVOF sprayed powders
owing to increased heat input, or attaining high flame
temperature [32]. Furthermore, the melt-resolidification
phenomenon induces a densified structure that com-
pared favorably to the starting powders, which exhibit a
porous structure. From this point of view, different melt
fractions of HA powders correspond to different coating
structures. In order to reveal the influence of different
melt state of the powders on phase composition of
resultant coatings, the coatings, C-4, C-6 and C-7, were
analyzed. Fig. 4 shows the XRD patterns of the three
types of coatings. It is found that decrease of powder
size results in an increase in ACP phase, and extent of
thermal transformation of HA. The following formula
was widely suggested to describe the decomposition of
HA [15,33,34]

Ca10ðPO4Þ6ðOHÞ2-3Ca3ðPO4Þ2þCaOþH2O: ð4Þ

The decomposition of HA during coating deposition
can result in some CaO simultaneously, but because of
the low content (o1wt%), it could not be detected by
XRD analysis. The formation of the ACP was
apparently associated with partial dehydroxylation of
HA [35] during melting and subsequent rapid solidifica-
tion of the powders [36]. The melted portion of the
powder is in direct response to the formation of ACP.
Moreover, crystalline HA phase is generally attributed
to the retention of original HA phase in the sprayed
powders. For near crystalline coatings (crystallinity
>90%, determined arbitrarily from XRD technique
[37]), content of a-TCP was determined using the
Rietveld method, which is shown in Fig. 5. Content of
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Fig. 4. XRD patterns of the typical calcium phosphate coatings:

(a) C-4 coating; (b) C-6 coating; and (c) C-7 coating.
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Fig. 5. Content of a-TCP in as-sprayed crystalline coatings showing
the influence of spray parameters on phase composition of resultant

coatings.
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of a partial melted HVOF sprayed HA particle, indicating the main

phase transformation of HA at the melted part.
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TCP directly reflects the extent of the transformation
that occurred following solidification of the droplets on
the substrate. It is clear that the high MFP values in C-4
and C-5 corresponds to excessive extent of phase
transformation of HA to TCP. Furthermore, for the
coatings made from small HA powders, as shown in
Fig. 4(b) and (c), TTCP and b-TCP are also present,
which suggests that further heating of HA could result
in additional phase transformation to TTCP. Liao et al.
[38] reported that transformation to TTCP occurred at
about 1360�C through some transient phases. It has
been found that no transformation to a-TCP from a
stoichiometric HA (with a Ca/P ratio of 1.67) could be
detected up to 1200�C with prolonged heating [39]. The
appearance of b-TCP is possibly attributed to the phase
transformation from a-TCP at about 1100�C [40]. It
should be noted that TTCP and b-TCP were only
detected in the coatings made from small HA powders
(such as C-6 and C-7). This may suggest the influence of
the melt fraction of HA powder (in the range MFP=40–
100%) on subsequent cooling rate upon impingement,
which could determine further phase transformation
besides a-TCP. This point was proven by other studies
that once HA powders had been totally melted, in the
resultant coating, the phases, a-TCP, TTCP and b-TCP,
are all exhibited [41]. The difference in the content of a-
TCP in the coatings demonstrated in Fig. 5 further
indicates that the extent of HA phase decomposition is
significantly related to the MFP during coating forma-
tion. From this point of view, the melt fraction of
powder is practically meaningful. It is clear that
augmentation of starting particle size results in decrease
in melt fraction hence contributes to decreased phase
decomposition of HA. Furthermore, Raman spectra of
partially melted HA particles, which are typically shown
in Fig. 6, confirm that the phase transformation of HA
occurred mainly at the melted part of the particle. The
differences between the two curves obtained at melted
part and unmelted part, indeed; suggest the significant
difference in crystallinity. The broadening and feature-
less bands between 2000–3600 cm�1 are typical features
of ACP structure (Raman testing was sensitive with the
present amorphous structure). These indicate the pre-
dominant presence of uniform ACP phase within the
melted part of the sprayed particle. For the unmelted
part, the bands of the respective vibration O-P-O modes
were narrowed, with an increased intensity and splitting
of peaks (n2=B447 cm�1, n3=1040, 1083 cm�1, and
n4=550, 581, 612 cm�1). The main n1 peak is also
observed to have narrowed and shifted from center of
B960 cm�1, which is assigned to a typical feature of
crystalline HA. The splitting of peaks at n3 (1047, 1085,
and 1118 cm�1) suggested the co-existence of HA, a- and
b-TCP. The detailed analysis of the Raman peaks can be
found elsewhere [42,43]. According to previous studies on
HA phase transformation [15,44], the present study
suggests that the resolidified shell of the HA particles
should contain most of the decomposed phases from HA.



ARTICLE IN PRESS
K.A. Khor et al. / Biomaterials 25 (2004) 1177–11861182
It is evident that partially melted state of HA powders
(low MFP values) is beneficial towards obtaining a high
crystalline HA coating. Furthermore, phase composi-
tion analyses indicate that the melted portion of the
particles contained predominantly ACP and TCP.
Therefore, in order to effectively inhibit HA decom-
position, limited melting of the HA powders must be
ensured. It was believed that the high levels in crystal-
linity of HA coatings were beneficial for long-term
survivability, and proper functional life in service with
regards to the resolvability of different phases in bony
tissues, that is, ACP has a far higher resolvability in the
bony tissues than crystalline HA [45]. However, the high
resolvability of the amorphous phase is beneficial for
accelerated fixation of the implant and, it was also
believed that ACP was good for facilitating mechanical
mismatch, improving fatigue behavior, and, promoting
faster bone remodeling, and hard tissue attachment [46].
In consideration of the above points, HA coatings with
a small amorphous content (o15%) would hence be
preferred. It should be noted that, during the present
HVOF spray study, the particles that have large
diameter, i.e. >30 mm, are only partially melted. Since
the thermal transformation of HA generally occurred at
the temperatures beyond 1000�C [44], the melted part of
HA particle should contribute strongly to the transfor-
mation. The present study indicates that during the
HVOF spray, the heating of HA powders is rather
limited, which further suggests the suitability of HVOF
technique for HA coating deposition.
TEM observation on the coatings reveals the influ-

ence of melting-resolidification on grain size, which is
shown in Fig. 7. The melted part shows a smaller grain
size than the unmelted part. It is noted that the HA
grains located in the unmelted part are of far larger size
Melted zone

Unmelted zone 

Fig. 7. TEM image of as-sprayed HA coating showing different grain

size and the interface between melted and unmelted parts of HA splat.
than those in the melted part, which underscores the
influence of rapid cooling on grain growth during
coating deposition. It should be noted that grain size
is mainly responsible for the mechanical performances
of materials. The relatively reduced grain size located in
the resolidified zone, which is around splats’ interface,
could act as an important factor contributing to
improved mechanical properties.

3.2. In vitro behavior of HA splats

Fig. 8 shows the microstructure changes of HA splats
following incubation in vitro. Well-flattened splat
morphology suggests fully melted state of HA particle
during the HVOF spray. It is found that the original
particle size determines its dissolution rate realized
through the influence of its melt state. For small HA
particles, B25 mm, as shown in Fig. 8(a), the resulted
splat virtually disappeared, thus indicating complete
dissolution before any precipitation commences
(Fig. 8(b)). With the augmentation of particle diameter
(Fig. 8(c) and (d)), the images clearly demonstrate that
the surrounding parts of the splats disappear while the
core remained. According to the image analysis,
dissolution extent of the splats was determined. The
area percentage of dissolved part range from 95% to 5%
corresponding to the content of melt fraction in the
splats. It has been discussed that TCP and ACP in the as
sprayed HA coatings came mainly from melted parti-
cles. Even in splats that was heat treated at 450�C for
30min, it can be seen that the fully melted portion still
dissolve away in the SBF despite the annealing treat-
ment, while the unmelted portion remained (Fig. 8(e)
and (f)).
During in vitro ageing, TCP and ACP dissolve

preferentially into the SBF. It is confirmed that the
unmelted portion contains mostly crystalline structure
that remained from the starting particle during coating
formation. Considering the phase-dependent dissolution
of the calcium phosphate phases in SBF [45], the outer
layer of single HA splat should contain more dissolvable
phases, such as a-TCP, ACP, etc., than sub-terrain
layer. The phases coming from HA phase transforma-
tion exist mostly around the core based on the
consideration that at elevated temperatures, phase
transformation occurs [14,39]. With the decrease of
HA particle size, under the same spray conditions, high
MFP can be achieved, which is responsible for an
increased extent of HA phase transformation. The
resultant phases should be responsible for the dissolu-
tion during immersion in SBF. From this viewpoint,
fully melted state of HA particles is not altogether
suitable and, partially melted state is preferred. The
present results also claim that the dissolution/precipita-
tion behavior of the HA coatings is significantly
dependent on their relative rate. Among the calcium
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Fig. 8. Images of HA splats before and after immersed in the SBF showing the effect of particle size on the dissolution/precipitation behavior.
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phosphate phases, crystalline HA has the highest ratio
of precipitation to dissolution. Therefore, for the coat-
ings with some content of crystalline HA, ACP, TCP or
TTCP, it is critical to ascertain a proper phase
distribution towards achieving a quick precipitation.
For a thermal sprayed coating, owing to the randomly
distributed splats, an inhomogeneous structure is
resulted, which can more or less assure randomly
distributed phases. In order to understand the behavior
of a bulk HA coating in vitro, multi-splats were also
prepared and their dissolution/precipitation phenomena
were observed. Fig. 9 shows the morphology changes of
the folded splats triggered by 3 days’ incubation in the
SBF. It is obvious that after 3 days’ ageing, remarkable
precipitation occurred and the prevention of further
dissolution has prevailed at the area with multi-splats.
The phenomena indicate that the multi-splats, mostly
double folded splats, have significant mutual influence
on their overall dissolution/precipitation. In other
words, the difference in the rate of dissolution to
precipitation can inhibit further dissolution, and hence
promote the precipitation. It is noted that, as shown in
Fig. 9(a), the well-flattened splats correspond to nearly
fully melted particles. As discussed earlier, the splats
could consist mostly of dissolvable phases. Compared to
the in vitro behavior of single splat, which is shown in
Fig. 8, multi-splats show an increased precipitation-to-
dissolution rate.

3.3. Young’s modulus, adhesion strength, and

microhardness

The nanoindentation was carried out on the particles
since it is of very limited indentation area as the load is
extremely small, which is especially required for the
indentation on identified parts within a small HA
particle. It should be noted that the overall properties
exhibited by bulk HA coating could be mainly
attributed to those of separate HA splats. In order to
reveal the approximate contribution of different phases,
sprayed HA powders were collected and subsequently
nanoindentation tests were conducted on their polished
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Fig. 10. Adhesive strength and Young’s modulus of the as sprayed HA

coatings showing the significant influence of spray parameters and

starting HA powder size.
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Fig. 9. SEM images of multi-HA splats before (a) and after (b) immersed in the SBF with 3 days showing the mutual effect among the folded splats

on the their dissolution/precipitation behavior.
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cross-sections. For comparison, the nanoindentation
test was also conducted on the polished cross-sections of
starting HA powders. Concerning the small indentation
area, less than 9� 104 nm2, the Young’s modulus and
microhardness data are reliable in reflecting the relations
between microstructure and properties.
It was found that different part of the sprayed HA

particle exhibits remarkably different Young’s modulus.
The resolidified zone exhibits an average Young’s
modulus value of 41.25GPa with a vast range from
23.1 to 65.3GPa, which indicates complex phase
components within that zone. And the corresponding
microhardness shows an average value of 3.37GPa with
a data range from 1.72 to 5.93GPa. Since the indenta-
tion area is extremely small, it is possible that those
values reflect the properties of different phases. In other
words, the alternation of Young’s modulus is attributed
to different phases. The unmelted part of the HA
powders shows a Young’s modulus value of 83.9
(79.4GPa) and a microhardness value of 5.22
(70.87GPa). Since the starting powders were composed
of crystalline HA, it can be claimed from the indentation
results that crystalline HA exhibits the highest E-values.
The existence of other phases, such as a-TCP, ACP,
could be responsible for the decrease of Young’s
modulus. The results correspond well to those obtained
from bend tests on HA coatings, which was reported in
another paper [31]. The present nanoindentation tests
further confirmed the significant influence of different
phases on overall properties of resultant coatings. It
therefore states that optimization of phase components
in HA coating is a useful way towards satisfactory
mechanical properties. Meanwhile, it is noted that
compared to the nanoindentation result on bulk HA
coating, which exhibited a Young’s modulus of 118
(75.21GPa), the sprayed HA particles showed low
Young’s modulus. The residual stress formed during
coating formation could be responsible for the increased
E-values exhibited by HA coatings.
Fig. 10 shows that the coatings with relatively high

MFP values (C-4, C-5, C-6), and even C-7 where most
of the particles are found to be fully melted
(MFP>90%) have better adhesive bond strength than
the coating where the particles have low MFP values
(C-2). Indeed, by comparing C-2 and C-5 it can be seen
that for practically similar particle size range of
35–55 mm (Fig. 3) the coatings possess distinctly
different sets of MFP values. It can bee seen that the
MFP of C-2 range from B20% to 55%, whereas C-5
has MFP values in the range B45–75%, and Fig. 10
clearly shows that C-5 has a superior adhesion strength
to C-2. The additional amount of melt fraction C-5 is
believed to enhance adhesion strength through improv-
ing the inter-lamellae contact in the coating. On the
other hand, the Young’s modulus value of C-4 is higher
than C-6 and C-7 (Fig. 10). Again, this can be related to
MFP values. It can be seen that the measured MFP
values for C-4 lies in the range 20–60%. C-5 and C-6,
however, contain MFP values in the range 40–80%. It
appears that a relatively lower MFP value, which
corresponds to a higher HA content, is a significant
contributing factor to the stiffness of the coating.
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Indeed, Fig. 5 shows that the TCP content for C-5 is
higher than the TCP content in C-4. The Young’s
moduli values were obtained by 3-point bend test, and it
had been reported in a previous publication [31].
Finally, it was found that there is no significant
difference in the fracture toughness of the coatings
C-4, C-5 and C-6 (0.48–0.51MPam0.5). This may be due
to the possibility that fracture behavior in thermal
sprayed coatings is contingent on inter-lamellae voids
and porosities, rather than phase content. Therefore,
the melt fraction does not exert any noticeable influence.
4. Conclusion

The ‘melt fraction in particle’ (MFP) of HVOF sprayed
HA powder was experimentally determined in the present
study. Results showed that the powders have MFP values
in the range B20–100%. It was found that the MFP
values corresponded to the starting powder size and
HVOF spray parameters. The extent of HA thermal
decomposition in the HVOF spray was significantly
reflected through the melt state of the powders. Further-
more, in vitro evaluation confirmed that the melted
portion of HA splats markedly dissolve more readily than
the un-melted part. Nanoindentation test on as sprayed
HA particles and coatings revealed that different phases
resulted from thermal decomposition of HA contributed
to the overall Young’s modulus value. A key influence of
the melt state of HA powders during HVOF spraying to
form a coating was revealed through the coatings’ tensile
adhesive strength and Young’s modulus.
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