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Abstract

The influence of crystallization, upon heat treatment, on the properties of high-velocity oxy-fuel (HVOF) sprayed hydroxyapatite

(HA) coatings was investigated. The characterization of the HA coating was performed by X-ray diffraction (XRD) and Fourier

Transform Infrared Spectroscopy (FTIR). Differential Scanning Calorimeter (DSC) was employed to determine the crystallization

temperature of the amorphous phase in an as-sprayed HA coating. The study demonstrated the effect of crystallization on the

coating properties by considering the changes in materials chemistry, crystallinity level, and mechanical performance. Results

showed that complete crystallization of the amorphous phase occurred at approximately 7001C and the crystallization temperature

was dependent on sample heating rate in the DSC test. The changes of ion groups were detected by FTIR, before and after the phase

transformation. The crystallization of the coating after annealing at 7501C resulted in a significant increase of the coatings’ adhesive

strength and shear strength, which attained maximum values 3473 and 14.170.8MPa, respectively. Young’s modulus increased

from 2171 to 2572GPa. Microhardness measurements confirmed the changes in coating properties. It is also found that the

transformation from the amorphous phase has crystalline HA as the only resultant phase detected by XRD.r 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) coatings deposited on titanium
alloy substrates have the ability to induce new bone
in-growth and subsequently increase fixation stability
and, thus, are widely used in clinical applications.
Among the problems experienced by HA coatings in
contact with tissue, loosening is common [1]. It is
believed that the amorphous phase, which has higher
solubility than crystalline HA [2], in the coatings, can
accelerate the fixation of the implant with the bony
tissues and promote fast bone remodelling and attach-
ment [3]. But a high content of amorphous phase in the
coating can cause excessive dissolution and conse-
quently reduce the reliability of the implants. Further-
more, the existence of immoderate amorphous phases at
the interface of the HA deposit and metal alloy implant
could be detrimental to the long-term survivability of

the implant as the interface may come into direct
contact with bony tissues some period after implanta-
tion [4]. Therefore, post-spray treatment is needed to
crystallize the amorphous phase and remove transitional
or high-temperature phases from the coatings [5].
Among the processes adopted, heat treatment was
thought of as one of the most effective methods, and
has received much attention [6–9]. Controlling the
amount and the location of the amorphous phase is
very important for the proper functioning of the coated
appliance.

Previous studies have shown that the presence of
water vapor, hydrostatic pressure, or a combination of
these could promote the crystallization of hydroxyapa-
tite, which is composition dependent [10,11]. Further-
more, heat treatment in vacuum at a relatively high
temperature, such as 9501C, can induce chemical
reaction at the HA/Ti–6Al–4V interface with titanium
phosphide as the resultant compound, detected by
transmission electron microscope (TEM) analysis [12].*Corresponding author.
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This phenomenon can be the proof of the diffusion of Ti
or P elements at the coating/substrate interface. While
Filiaggi et al. [13] believed that increases in mechanical
properties after heat treatment on the as-sprayed coat-
ings were attributed to diffusion at the interface.
However, the reported results focused mostly on
changes of phase composition and microstructure
[6,8,14–16], as well as the mechanism of the crystal-
lization [10]. The influence of post-spray heat treatment
on the mechanical properties of the hydroxyapatite
coatings has not been studied. Furthermore, the crystal-
lization temperature of the as-sprayed HA coatings
differs to a certain extent depending on the character-
istics of the raw HA powder and the spray system
employed. Even though the transformation point from
an amorphous phase to crystalline HA is generally
determined, there are still reports that suggest that the
crystallization can occur at low temperatures if extre-
mely long isothermal treatment condition is satisfied [9].

High-velocity oxy-fuel (HVOF) technique has been
widely used mainly due to its high flame velocity (up to
Mach 5) and moderate temperature (below 30001C).
The moderate flame temperature is especially suitable
for coating deposition of materials with low melting
temperatures or low phase transformation points. In
recent years, the HVOF process [17,18] has produced
HA coatings with low content of amorphous calcium
phosphate (ACP). However, the influence of recrystalli-
zation of the amorphous phase on coating properties of
HVOF-sprayed calcium phosphate coatings is not
known. In the present paper, calcium phosphate coat-
ings with limited amorphous phase content were
prepared by HVOF. The mechanical properties, which
include Young’s modulus, adhesive strength and shear
strength, before and after heat treatment were investi-
gated. Fourier Transform Infrared Spectroscopy
(FTIR) and X-ray diffraction (XRD) techniques char-
acterized the coatings.

2. Materials and experimental procedures

2.1. Materials, HVOF system and spray parameters

Spray-dried HA powders were made by a wet
chemical method with a mean size of 30 mm and the
particle size that ranged from 20 to 45 mm was used for
the coating deposition on Ti–6Al–4V substrates. XRD
analysis, which is shown in Fig. 1, reveals that the
starting powders were composed of fully crystalline HA
(Ca10(PO4)6(OH)2) with a Ca/P ratio of 1.67 that is
determined by EDX. The HV2000 HVOF (Praxair,
USA) system with a nozzle diameter of 19mm was used
for the coating preparation. Hydrogen was utilized as
the fuel gas with a flow rate of 566 dm3/min. The flow
rate of oxygen was 283 dm3/min. Powder carrier gas was

argon with a flow rate of 19 dm3/min. The spray distance
was set at 250mm.

2.2. Experimental methods

2.2.1. Annealing heat-treatment of HA coatings

The as-sprayed HA coatings were heat-treated in an
annealing furnace. The samples were heated to 5001 and
7501C, respectively, with a heating rate of 151C/min,
held for 30min, and then slowly cooled back to room
temperature within the furnace. The heating and cooling
were performed in air atmosphere.

2.2.2. Phase analysis and relative crystallinity of HA

The phase composition of the starting powder and the
as-sprayed coating, as well as the heat-treated coating,
was analyzed by means of XRD (MPD 1880, Philips,
the Netherlands). The operating conditions were 40 kV
and 30mA by using Cu Ka. The goniometer was set at a
scan rate of 0.0151 2y/s over a 2y range of 20–601. The
true crystallinity value of thermal-sprayed coatings or
powders was defined as the ratio of the crystalline
regions to the sum of both crystalline and amorphous
regions. However, this definition of crystallinity is
hardly achievable, as there is no standard HA sample
where the amorphous regions are clearly depicted and
known. Therefore, the concept of relative crystallinity
was accepted and used. In this case, spray-dried HA
sample was chosen as a standard based on crystallinity
and phase purity. The relative crystallinity (Cr) was
calculated by comparing the highest peak, that is the
(211) peak, of the powders or coatings with the (211)
peak of the assumed standard reference HA sample. The
mathematical expression is as follows:

Cr ¼
Að211Þ

Að211Þ
�100%; ð1Þ

where Cr is the relative crystallinity of the measured HA
sample, A(211) the integrated area intensity of the (211)
peak of HA powders or coatings and As(211) the

Fig. 1. XRD pattern of the starting HA powders showing the sole

component of HA.
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integrated area intensity of the (211) peak of the
assumed HA standard.

The relativity of the crystallinity only acts as a
superficial gauging tool towards the determination of
the crystallinity of a coating. It does not give a true
indication of the crystallinity value, as decomposition of
HA during thermal spraying is inevitable. In the present
study, the XRD pattern of the starting HA powders was
used as the reference based on that the powders showed
nearly totally crystallized structure.

2.2.3. Differential Scanning Calorimeter (DSC) analysis

DSC analysis (Netzsch Thermal Analysis, DSC 404C)
was performed to investigate the crystallization tem-
perature of the as-sprayed HVOF HA coating. In order
to reveal the effect of heating rate on the thermal
behavior of HA, the samples were heated at a rate of
51C/min and 101C/min, respectively, to 15001C in
nitrogen atmosphere with a flow rate of 150 cm3/min.

2.2.4. Fourier Transform Infrared (FTIR) spectroscopy

analysis

FTIR analysis (Nicolet Magna FTIR-560) was
performed to characterize the change of the ion groups
in the materials. The infrared spectrum with a resolution
of 8 cm�1 and the scan number of 4 was adopted with
the scan range 400–4000 cm�1.

2.2.5. Adhesive strength

The adhesive strength of the HA coating on the
Ti–6Al–4V substrates was measured according to the
ASTM C633-79 standard. Five samples were utilized for
the determination of adhesive strength according to the
standard. The HA coating thickness was 180715 mm
and the tensile cross-head speed was set as 1mm/min.

2.2.6. Shear strength

Specimens for the measurement of shear strength of
HA coating to the metallic substrate were fabricated in-
house, as schematically depicted in Fig. 2. In order to
ensure the symmetry of the samples during the tensile
procedure, the specimen was double sprayed with the
same coating thickness on both sides, which can be
easily achieved by the robot-controlled spray system.
The thickness of the substrate was 2mm and the coating
area was 30mm� 20mm in width and length, respec-

tively. The coating thickness on each side of the
substrate was 80 mm. If the specimen with HA coatings
on both sides was bonded by two coupled specimens
then the tensile test was performed on the Instron
universal testing machine. The tensile speed was adopted
as 0.2mm/min. According to the maximum load, P, at
which point fracture occurs, the shear strength can be
calculated as follows:

t ¼
P

2ab
: ð2Þ

Six samples were used for the determination of shear
strength for each type of coating.

2.2.7. Young’s modulus

Young’s modulus of HA coating was determined
through a three-point bending test, which was firstly
applied by Fawcett to thick films [19]. For the double-
face sprayed specimen, which was expected to confirm to
the symmetry during the bending to ensure maintenance
of the neutral axis, the following formula was used to
calculate Young’s modulus E:

2EcIc þ EsIs ¼
Pl3

48d
; ð3Þ

where I is inertia moment, P and d are the load and
corresponding displacement of the load point in the
elastic scope during the bending test. l is the span. The
subscript c and s represent the coating and the substrate,
respectively, and

Is ¼
Z hs=2

�hs=2
y2b dy; Ic ¼

Z ðhs=2Þhc

hs=2
y2b dy: ð4Þ

In the present study, the substrate thickness h=2mm,
sample length was 120mm. The bending span l=60mm
and a bending speed of 0.2mm/min was used. Young’s
modulus of Ti–6Al–4V used in this study was 113GPa.
The coating thickness, hc, was around 150 mm. For the
purpose of accurately determining Young’s modulus of
HA coatings, the coating thickness was accurately
measured after the bending test by cutting the sample
through a diamond blade. Accurate measurement was
performed under microscope. For each set of data, three
samples were used. Each sample was tested three times
at different positions.

3. Results and discussion

3.1. Phase characterization

The XRD pattern of as-sprayed HA coating is shown
in Fig. 4(a). It is found that a certain amount of
amorphous phase exists in the as-sprayed coating
besides the presence of a-tricalcium phosphate (a-TCP)
and limited b-TCP. The relative crystallinity of theFig. 2. Schematic depiction of the shear strength testing.
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coating was evaluated to be 41%. In order to determine
the recrystallization temperature of the amorphous
phase, DSC analysis was performed. The DSC curves
shown in Fig. 3 reveal that, as the heating rate is 101C/
min, the crystallization temperature of the amorphous
phase in HA coating is around 7201C, which is
determined from the exothermal peak relating the
exothermal characteristic of the crystallization. As the
heating rate of the coating sample in the DSC test was
51C/min, the peak assigned to the crystallization
appeared at around 7031C, which claims the remarkable
influence of heating rate on the tested point. The
crystallization temperature of the ACP in HVOF
sprayed HA coating is consistent with HA coatings
deposited by plasma spraying [10]. The endothermal
peak labeled at around 14571C, shown in Fig. 3, would
be the point where further transformation of residual
HA [27] or oxyapatite [20] occurs. The ‘bump’ in the
DSC heating curve at around 10311C could suggest that
the dehydration of HA starts to take place [21]. It is
noted that for the HA coating, the cooling curve shown
in Fig. 3 demonstrates a peak at around 14401C. It may
refer to the reversed full phase transformation from
unstable %a-TCP to a-TCP [20]. The a-TCP comes from
the transformation of a-TCP at elevated temperatures
[20,22].

In order to confirm the crystallization temperature,
which is suggested to be around 7001C by the DSC
results, post-spray heat treatment for the as-sprayed
coatings was performed. The coatings were heated and
cooled in the furnace with a 30min hold at two
temperatures, 5001C and 7501C, respectively. The
influence of heat treatment on phase composition of
the HA coating is shown in Fig. 4 with comparison to
the as-sprayed coating. The XRD patterns of annealed
coatings correspond to the results of DSC test. The heat
treatment at 5001C did not transform the amorphous
phase in the as-sprayed coating to crystalline HA, but
the treatment at 7501C achieved this objective. It should

be noted that the content of a-TCP remained unchanged
and no other phase is detected in the fully crystallized
coating, which suggests that the transformation from
amorphous to crystalline phase only results in crystalline
HA. The disappearance of b-TCP could be attributed to
its transformation to a-TCP. This treatment is prefer-
able in terms of phase composition of HA coatings to
crystallize the amorphous phase while effectively in-
hibiting further decomposition of HA into tetracalcium
phosphate (TTCP), which was revealed in HA coatings
heat-treated at 9501C [23].

Fig. 5 demonstrates the FTIR results that indicate the
change in the chemistry of the HA coatings before and
after heat treatment. Significant differences can be found
through the absence or presence of some peaks used for
the determination of certain chemical groups. The bands
at 3570 and 630 cm�1 were derived from the stretching
and hindered rotation modes of hydroxyl (OH�) group
in HA powder. These are very sharp, indicating that the
powder is indeed well crystallized. The sharp peak at
1649 cm�1 and those around 3447 cm�1 are indicative of

Fig. 3. DSC heating and cooling curves of the HA coating with a rate

of 101C/min showing the crystallization temperature of ACP is around

7201C under the present DSC conditions.

Fig. 5. IR spectra of HA powders and coatings annealed under

different temperatures. (a) HA powders, (b) as-sprayed HA coating,

(c) 5001C treated coating, and (d) 7501C treated coating.

Fig. 4. XRD patterns of heat-treated HA coatings under (b) 5001C

and (c) 7501C annealing with the comparison to (a) the as-sprayed

coating.
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adsorbed water. The carbonate peaks that are located at
2000–2500 cm�1 result from the background carbon
dioxide (CO2) within the atmosphere. The disappear-
ance of the OH�stretching mode at around 3570 cm�1

shown in Fig. 5(b,c) suggests the decreased content of
crystallized HA according to Wang et al. [24]. The broad
peak around 1000 cm�1 discloses the existence of the
amorphous phase, which can be determined, when
combined with the absence of the OH� band. The
changes of PO3�

4 are also exposed. The peaks labeled at
569 and 600 cm�1 indicate the bending mode PO3�

4 and
those labeled at 958 and around 1090 cm�1 represent the
stretching vibration mode PO3�

4 :
The as-sprayed HA coating almost does not reveal the

OH� peaks, neither does the coating treated at 5001C.
The crystallized material following annealing treatment
exhibits the presence of the OH� group and the
sharpening of the peaks relates to the existence of
mostly crystalline HA materials (Fig. 5d). The XRD
result shows that the amount of a-TCP in all the
coatings is constant, thus this observation can be used to
explain the FTIR spectra. That is, the crystallization
treatment can make the OH� group and PO3�

4 become
prominent in the FTIR spectrum. This corresponds well
with the results of XRD analyses.

From the XRD results in Fig. 4, it can be implied that
the amorphous phase transformed only to crystalline
HA. Through the investigation of the crystallization of
amorphous calcium phosphate by Vogel et al. [9], it was
postulated that the thermal decomposition of HA
during plasma spraying is reversible when annealed at
more than 6001C for 3 h in the presence of water vapor.
But the present study only reveals the reversible trend
between crystalline HA and amorphous calcium phos-
phate. No obvious phenomenon shows the participation
of TCP in the reversible reaction.

It has been reported that the amorphous phase
consists particularly of a dehydroxylated calcium
phosphate [10]. The present study suggests the same
possible composition of the amorphous calcium phos-
phate. It has been clearly understood that the crystal-
lization of hydroxyl-rich areas produces hydroxyapatite,
followed by diffusion of the hydroxyl ions [10], thus
increasing the amount of the crystalline phase. Because
the heat-treatment is performed in air, the humidity is
enough to trigger the transformation from amorphous
phase to crystalline HA upon cooling from 7501C.

3.2. Mechanical properties

The influence of the heat treatment on the mechanical
performances in terms of adhesive strength and shear
strength is shown in Fig. 6. The adhesive strength is
significantly improved by the heat treatment at 7501C,
increasing from 2672MPa for the as-sprayed coating to

3473MPa. The shear strength is also increased from
11.2+0.9 to 14.170.8MPa.

Through the three-point bending test, the change in
Young’s modulus caused by crystallization is shown in
Fig. 7. Remarkable increase was revealed. Generally, the
fracture toughness of thermally sprayed coating is
significantly dependent on both its Young’s modulus
and its capability to impede crack propagation [25]. As
for the thermally sprayed coating, the splats bonding
ratio, which was believed to mostly contribute to
interface density that determines the ability to inhibit
crack propagation [26], is generally less than 30%. For
the present HA coatings (both as-sprayed and heat
treated), heat treatment could not obviously change the
bonding ratio between splats which was mainly realized
during splat formation. It could be claimed that the
crystallization of the amorphous phase is beneficial
towards the improvement of fracture toughness of the
HA coatings.

In order to reveal the possible reasons for the
property improvement introduced by additional crystal-
lization of the amorphous calcium phosphate phase,

Fig. 6. Influence of crystallization on the adhesive strength and shear

strength of HA coatings. ** vs * : po0.05, ++ vs +: p>0.05.

Fig. 7. Influence of crystallization treatment on Young’s modulus of

HA coatings, the standard deviation of as-sprayed coating is 1.36GPa,

and 2.04GPa for crystallized coating. (Significantly different with

po0.05.)
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microstructure and microhardness of HA coatings are
investigated. Typical polished cross-sections of as-
sprayed HA coating and correspondingly heat-treated
coatings are shown in Fig. 8. It seems that no
change in porosity can be deduced from the SEM
images between as-sprayed and crystallized coatings.
Improved interface owing to annealing heat-treatment
can be observed.

The microhardness of as-sprayed HA coating and
crystallized coating is shown in Fig. 9, in which the
microhardness near the coating/substrate interface of a
fully crystallized coating is also illustrated. The decrease
of the microhardness of the crystallized coating,
1.070.1GPa, compared to that of original as-sprayed
coating, 1.370.1GPa, suggests a change in brittleness
owing to the heat treatment. Generally, the annealing
treatment at 7501C is capable of releasing the residual
stresses generated during coating deposition. It is also
possible that the heat treatment at 7501C causes the
diffusion between different splats. Thus, Young’s
modulus can be improved. Furthermore, the phase
transformation is another important factor, which
contributes to the improved Young’s modulus because
the different Young’s moduli of the phases existing in
the coating is one critical factor in determining Young’s
modulus of coating.

It is found that Young’s modulus of HVOF HA
coatings obtained in the present study is lower than that
of sintered bulk HA materials [27]. Metsger et al. [28]
revealed that the Young’s modulus of 11001C sintered
HA with full density was extremely low, thus they
systematically demonstrated the inconsistent Young’s
modulus values of sintered HA materials produced at
different temperatures, which were reported to vary
from 10 to more than 100GPa. The apparent rationale
is that Young’s modulus of HA materials is dramatically
determined by the stress distributed in the material. This
point can also be observed through the improvement of
the fracture toughness which resulted from the release of
residual stresses owing to the annealing treatment.
While for HA coatings, owing to the inhomogeneous
layered structure and pores which is thought of as a
detrimental factor for Young’s modulus [28], the low
Young’s modulus is in response to the microstructure
with plenty of microcracks and unbonded zone among
splats. Furthermore, even though the contraction was
generally met after the crystallization by up to l%,
because of the different phase density of amorphous
phase compared to crystal HA [10], it is still believed
that the contraction cannot generate more cracks, and it
is possible that residual tensile stresses are released.

The microhardness obtained in the heat-treated coat-
ing near the coating/substrate interface, 1.470.2GPa, is
higher than that obtained away from the interface. This
could be a concomitant effect, due to the diffusion or
chemical reaction that occurs at the coating/substrate
interface, and the improved interface shown in Fig. 8(b).
Even though some phases, such as CaTi2O3, CaO, could
arise from the chemical reaction at the interface [12,29],
the exact cause pointing to diffusion or chemical
reaction cannot be decidedly determined by the EDX
analysis alone. Considering the released residual stresses
owing to annealing at an elevated temperature, some
new phases near the interface zone could have con-
tributed to the higher microhardness values. As the
tensile fracture occurs at the coating side near the

Fig. 8. Typical cross-sectional morphology of HA coatings. (a) as-

sprayed coating; (b) crystallized coating. The microcracks existing

within the coatings were caused by the polishing procedure as a result

of the brittleness of the hydroxyapatite material.

Fig. 9. Microhardness of as-sprayed and crystallized HA coatings.
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coating/substrate interface, and the shear fracture
locates mostly at the interface, the chemical reaction at
the interface induced by the heat treatment seems to
have a stronger claim as the dominant factor for the
improved strength. Furthermore, some researchers have
found that the content of amorphous phase near the HA
coating/substrate interface was more than that in the
coating due to the low thermal diffusivity of HA
materials [30]. It is believed that the crystallization
of the amorphous phase located near the coating/substrate
has a positive effect on the adhesive strength and shear
strength.

4. Conclusions

1. The crystallization temperature of the amorphous
phase in HVOF-sprayed HA coating is determined by
DSC to be around 7001C. XRD analysis confirms
that the amorphous phase transformed directly to
crystalline HA and not any other calcium phosphate
phase. This led to the conclusion that minimal to
negligible thermal decomposition of the HA phase
took place during HVOF spraying.

2. The annealing heat-treatment at 7501C is beneficial
for the improvement of adhesive strength and shear
strength, as well as fracture toughness. Therefore,
HVOF-sprayed HA coating do have to undergo post-
spray treatment in the vicinity of 7501C.

3. The rapid solidification of crystalline HA as amor-
phous phase in HVOF-sprayed coating is reversible.
No other phase is detected after the crystallization
except the TCP that formed during coating deposi-
tion, whose overall phase content remained un-
changed following heat treatment.

4. The relatively high microhardness values taken at the
coating/substrate region is likely to be due to
chemical reactions at the coating/substrate interface
during the annealing treatment.
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