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Effect of Heat Treatments on HVOF
Hydroxyapatite Coatings
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Highly crystalline hydroxyapatite (HAp) powder was thermally sprayed onto Ti-6Al-4V substrates using
the High-Velocity Oxy-Fuel (HVOF) process. Coatings were heat treated for 60 min at 700 °C to study
the influence of the crystallization on chemical and mechanical properties. Characterization of the HAp
coatings was carried out by Fourier Transform Infrared Spectroscopy (FTIR) and x-ray diffraction
(XRD) using Rietveld analysis. The results showed that the coatings were highly crystalline (82%) and
no other phases of calcium phosphate were present. Coatings were 100% crystalline after the heat
treatment. Bioactivity of the coatings was investigated by immersion in Kokubo’s simulated body fluid.
The dissolution/precipitation behavior was studied and the degradation of HAp coatings caused by the
immersion test was studied by measuring the adhesion strength of the coatings. After immersion in SBF
bond strength decreased for the as-sprayed coatings, without any thermal treatment, but it was constant
for the heat-treated coatings. This phenomenon was related to the dissolution of the amorphous phase in

the interface substrate-coating in the as-sprayed coatings.

Keywords adhesion test, heat treatment, high-velocity oxy-
fuel spraying, hydroxyapatite, immersion test

1. Introduction

Hydroxyapatite is chemically similar to the mineral
component of bones and hard tissues in mammals (Ref 1).
It is one of the few materials that are considered bioactive,
meaning that it will support bone in growth and Osseo
integration when used in orthopedic, dental, and maxil-
lofacial applications. Moreover, HAp has the capacity of
creating a stable adhesion with the adjacent bone and does
not generate pathological reaction or low inflammatory
cell response, when used as orthopedic implant.

In spite of HAp’s excellent properties as biomaterial,
its inherent mechanical properties (brittleness, low frac-
ture toughness) have restricted its use in many load-
bearing applications (Ref 2, 3). Metallic implants are
currently being used as load-bearing implants, and poly-
mer, ceramic, or composite implants are typically used as
non-load-bearing implants or as coatings (Ref 4). HAp
coatings for total joint implants were introduced in the
mid-1980s to improve fixation between bone and implant
(Ref 5, 6). Several techniques can be used to deposit HAp
coatings as dip coating-sintering (Ref 7, 8), hot isostatic
pressing (HIP) (Ref 9), electrophoretic deposition (Ref
10), ion-beam sputtering coating (Ref 11, 12), biomimetic
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deposition (Ref 13, 14) but commercially, the most com-
monly used are thermal spray techniques such as Atmo-
spheric Plasma Spraying (APS) (Ref 15), Vacuum Plasma
Spraying (VPS) (Ref 16) and High-Velocity Oxy-Fuel
spraying (HVOF) (Ref 17).

Thermal spray techniques involve partial melting of
the HAp powder and its acceleration toward a substrate.
Sprayed material solidifies rapidly on impacting onto the
substrate producing the coating. Plasma spray is one of
the most used techniques due to numerous advantages
such as simplicity, high deposition rates, low substrate
temperature, variable coating porosity, phases, and
structure. The main problem in plasma-sprayed HAp
coatings is the generation of amorphous calcium phos-
phate (ACP) and bioactive calcium phosphate phase
such as tetra calcium phosphate (TTCP), tricalcium
phosphate (TCP), metastable crystalline products such as
oxyhydroxyapatite (OHAp, Ca;o(PO,)s(OH),_,,0,0,) or
oxyapatite (OAp, Cao(PO4)sO;) and the formation of
CaO (Ref 18, 19). The presence of large amounts of
ACP is undesirable since its strong in vivo resorption
may cause mechanical and adhesive instabilities of the
coating. Degradation of HAp coatings with high amor-
phous phase content occurs by delamination of cracked
lamellae and dissolution of the remaining lamellae during
immersion tests (Ref 20).

As an alternative, HVOF is a rather new technique to
obtain HAp coatings onto metallic substrates. The HVOF
thermal spraying process is based on the principle of a
combustion of fuel and oxygen gases in a chamber. Fuel
gases used are hydrogen, propylene, propane, or acety-
lene. The combination of high gas flow rates and high
pressure in the combustion chamber leads the generation
of a supersonic flame which reaches a speed of 2000 m s’
and the particle speed may reach 800 m s™* (Ref 21). This
technique has the same advantages of Atmospheric
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Plasma Spray, but the use of a cooler and faster flame
allows obtaining HAp coatings without the lack of crys-
tallinity of APS. However, HVOF as-sprayed coating is
not 100% crystalline. Some authors have demonstrated
that in the presence of hydrostatic pressure or water va-
por, an appropriate heat treatment, could promote the
crystallization of ACP to HAp (Ref 22-25). The objective
of this work was to obtain HAp coatings by means of
HVOF and to study the influence of crystallization, on
heat treatment, on the properties of the coatings.

2. Materials and Methods

HAp powder used was from Plasma Biotal Ltd. (UK).
Particle size distribution was determined by a HVOF LS
13320 Laser Diffraction Particle Analyser (Beckman
Coulter, Inc., Fullerton, CA, EEUU). Coatings were
deposited on previously grit blasted Ti-6Al-4V substrates
with a DJH 2600 HVOF system (Sulzer Metco, Inc.,
Westbury, NY). Used spraying parameters were selected
according to previous experiments. Hydrogen was the fuel
gas and the powder carrier gas was nitrogen. The flow
rates were 180-200 SLPM for oxygen and 600-650 SLPM
for hydrogen. Spray distance was 225 mm and a powder
feed-rate of 30-40 g/min was used.

Heat treatment was carried out in air, in a high-tem-
perature furnace, in order to reduce or eliminate the ACP
content. The amorphous-crystalline phase transformation
was reported to occur from 500 to 700 °C (Ref 26, 27). The
as-sprayed coatings were heat treated at 700 °C for 1 h.
Then the samples were slowly cooled down to room
temperature inside the furnace. The Ti-6Al-4V B-transus
temperature is 980 °C (Ref 28), so the substrate maintains
a mill-annealed structure.

Samples were cut with a diamond cut-off wheel and
ultrasound cleaned in acetone for 10 min. Then the coat-
ings were cold mounted with epoxy resin under vacuum
impregnation. As-sprayed surface and cross-sectional
morphology of coatings were characterized with a Scan-
ning Electron Microscope (JEOL 5310, Tokyo, Japan).
Ten images of the cross section of each coating were
analyzed via image analysis to determine the porosity
levels. The ratio of calcium to phosphorus (Ca/P) in the
coatings was measured using a Rontec Energy Dispersive
Spectroscopy Analyser (Bruker AXS Microanalysis
GmbH, Berlin, Germany) coupled to the SEM. Coatings
were etched with an acidic solution (2% HNOs) after the
sample was embedded with the epoxy resin to remove the
amorphous phase of the coating.

Qualitative phase composition of the starting powder
and the as-sprayed coatings were analyzed by x-ray dif-
fractometer SIEMENS D500 (Cu Kal + 2,40 kV, 30 mA).
Quantitative phase composition analysis was carried out
using the Rietveld method, with the Winproof program.
Subsequently, this analysis was performed to determine
the degree of crystallinity of the coatings. The analysis
multiplies the function for each reflection in the x-ray
powder diffraction pattern, which can simulate the shape
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of the reflection peak to integrate intensity of the obtained
from the structure model, and then refine the function
parameters to fit the measured reflection intensity (Ref
29). To run the analysis it was therefore necessary to re-
move the substrate and mix the “coating” with ZnO as a
standard for the Rietveld analysis. The mixture was then
analyzed with a Siemens 6/26 D-500 diffractometer in
Bragg-Brentano geometry. Cu Ko radiation was used
(A=1.5418 A) with a graphite monochromator. Data from
8 to 80° (20) were collected with a step size of 0.02° and a
counting time of 24 s. Structural investigation of the
coating and the powder was carried out using DA3 Fou-
rier transform spectrometer (ABB Bomem, Inc., Zurich,
Switzerland). Spectra were recorded from a KBr pellet
over 4000-400 cm™'. The spectrum of the HAp was then
compared with the literature. Average roughness (R,) was
measured using a Surftest 301 roughness tester (Mitutoyo,
Tokyo, Japan). R, is the average deviation of the profile
from a mean line.

Coated samples were immersed in Simulated Body
Fluid (SBF) between 1 and 7 days. SBF was prepared in
accordance to Kokubo (Ref 30), and pH was adjusted at
7.4 at 36.5 °C with tris (hydroxymethylaminomethane)
and hydrochloric acid. The final inorganic ion concentra-
tion (in mm/L) was 142.0 Na*, 5.0 K*, 1.5 Mg**, 2.5 Ca*",
148.8 CI°, 42 HCO>", 1.0 HPO?", and 0.5 SO". After
immersion, samples were rinsed with distilled water and
dried in air. Free-surface coated samples were observed by
SEM, and the solutions were analyzed using Elan-6000
Inductively Coupled Plasma-Atomic Emission (ICP-AE)
Spectrophotometer (Perkin-Elmer, USA). The concen-
tration of Ca®" and HPO3™ were determined as a function
of the different immersion times. An average of three
measures for every immersion time was used.

Bond Strength was measured after immersion in SBF
using tensile test ASTM F1147-99 which is especially de-
signed for plasma-sprayed HAp coatings (Ref 31). Frac-
ture surfaces were observed using binocular lens with
Image Analysis to determine what type of failure mech-
anism took place (cohesive, adhesive, or through the
glue).

3. Results

3.1 HAp Feedstock Powder

Scanning Electron Microscope micrographs reveal the
irregular morphology of the sintered and crushed parti-
cles. Mean size was 32.59 +3.08 um. XRD patterns were
recorded and compared with HAp JCPDS 9-432 card (Ref
32). Structural parameters of the feedstock powder were
calculated using the Rietveld analysis. Unit cell dimen-
sions of feedstock powder were a=0.9413 nm and
¢=0.6884 nm. Many investigations of such crystals have
been carried out using x-ray diffraction analysis achieving
similar results (Ref 33, 34).

Figure 1, curve (a) shows the Fourier Transform
Infrared (FTIR) spectrum of the feedstock powder that
exhibits the stretching (3572 cm™) and the hindered
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rotation mode of the hydroxyl group (633 cm™). The
broad band about 3430 cm™' is attributed of adsorbed
molecules of water on the surface. The peaks at 1092,
1047, and 948 cm™' represent the stretching vibration
mode of PO3~ characteristic for HAp and the bands at 566
and 603 cm™! are assigned as the bending mode (Table 1)
(Ref 35). The peaks appearing at 2000-2500 cm™' are
carbonate peaks resulting from the absorption of carbon
dioxide from the atmosphere.

3.2 Phase Analysis using XRD

Figure 2 shows XRD pattern of the HAp starting
powder (a), as well as the as-sprayed (b), and the heat-
treated HAp coatings (c). The peaks are broader in the as-
sprayed coating pattern than in the heat-treated ones and
a slight “hump”’ centered about 20 =30-35° elevated from
the background attests to the presence of ACP in the as-
sprayed coating. This hump disappears after the heat
treatment at 700 °C for 1 h (Fig. 2(c)). Consequently,
HAp was the only crystalline phase present in the coat-
ings. No other crystalline calcium phosphate phases were
found in the coating as a result of the thermal decompo-
sition of HAp during the coating deposition (Ref 36).
Experimental and calculated XRD patterns show a very
good Rietveld fit (x*=2.79). It was found that the content
of crystalline HAp was 82 and 18% of ACP, in the

(a)

% Transmitance

T T T
4000 3000 2000 1000

v (cm'1)

Fig. 1 FTIR of (a) HAp feedstock powder, (b) as-sprayed HAp
coatings, and (c) heat-treated coatings (700 °C, 1 h)

Table 1 Observed infrared band positions for HAp
feedstock powder and both coatings

HAp As-sprayed Postheat

Peak assignments powder coating treatment
Hydroxyl stretch vs on 3572 3572 3572
Phosphate vs (f2) 1092 1097 1090

1047 1038 1048
Phosphate v; (a) 948 958 960
Hydroxyl vi. on 633 - 630
Phosphate v, (f;) 603 602 601

566 567 570

222—Volume 16(2) June 2007

as-sprayed coating, and no evidence of ACP in the heat-
treated coating was found.

3.3 Microstructural Characterization

Figure 3 shows the representative surface morphology
of a HVOF hydroxyapatite coating. The irregular free

(c)

(b)

Intensity

(a)

10 20 30 40 50 60 70
20

Fig. 2 X ray diffraction (XRD) pattern of (a) the HAp feed-
stock powder, (b) as-sprayed HAp coatings, and (c) heat-treated
HAp coatings (700 °C, 1 h). All the peaks can be assigned to

HAp

Fig. 3 (a) Polished cross section of the as-sprayed coating. (b)
Etched polished cross section of the as-sprayed coating
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Fig. 4 (a) Polished cross section of the heat-treated coating. (b)
Etched polished cross section of the heat-treated coating

surface of the as-sprayed coating is clearly seen. The as-
sprayed coating was composed of tightly adhered splats.
Well-flattened splats with smooth glassy appearance and
irregular regions are distinguished. Glassy regions are
considered to be ACP and the irregular regions are
formed by residual crystallites from the high crystalline
powder and agglomerated splat debris (Ref 37). No visible
differences in surface morphologies were observed be-
tween as-sprayed and heat-treated coatings (Fig. 3 and 4).

Polished cross sections of as-sprayed HVOF hydroxy-
apatite and of the heat-treated coatings are shown in
Fig. 3 and 4, respectively. There is no evidence of cracking
in both coatings. Heat treatment results in a decrease of
the porosity of the as-sprayed coating. Figure 3(b) and
4(b) show the coatings after etching by a solution of HNO;
(2%). Chemical etching preferentially removes the
amorphous phase of the coating and let the lamellar
structure stand out (Fig. 3(b)). Amorphous phase appears
at the interface of every lamella, parallel to the substrate-
coating interface and at the interface coating-substrate.
Furthermore, on etched heat-treated coatings no removal
of material was observed so confirming that no amorphous
phase was present (Fig. 4(b)), which is in the agreement
with the XRD Rietveld fit.

A total of 15 measurements for thickness, roughness,
and porosity were carried out for each coating. Thickness
of the as-sprayed coatings was 68.6 +6.0 um and the sur-
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Fig. 5 As-sprayed coating after immersion test. (a) 0 days, (b)
7 days, and (c) 14 days

face roughness was 4.2 +0.4 pm. After heat treatment the
cross-sectional thickness was measured to be 67.6 £5.4 pym
and the coating roughness was 4.1 + 0.7 pm. The thickness
and the roughness are similar for both coatings, so these
parameters are not affected by the heat treatment. How-
ever a change in porosity can be deduced from the SEM
images between as-sprayed and crystallized coatings. The
porosity of the as-sprayed coatings was 13 +2%, whereas
for the annealed coating was 6 +1%.

3.4 Elemental Analysis using EDS

Elemental identification by EDS was used to provide
information about the Ca/P ratio. It was found that the
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Fig. 6 Heat-treated coating after 14 days of immersion
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Fig. 7 Evolution of the concentration of Ca** and HPO;™ in
SBF during immersion test

relations Ca/P were 1.70 for the HVOF as-sprayed coat-
ing, and 1.68 for the heat-treated coating, very close to the
relation of the feedstock HAp powder, 1.67.

3.5 Structural Analysis using FTIR

Due to the close to identical structure of HAp and oxy-
and oxyhydroxyapatite (OAp, OHAp) (Ref 38), it is not
easy to distinguish them by XRD so it is necessary to use
other techniques. The structural distortion and dehydr-
oxylation state of the HAp in the coatings can be studied
by means FTIR.

Figure 1, curves b and c, shows the FTIR spectra of as-
sprayed and heat-treated HAp coatings, respectively. Ta-
ble 1 summarizes the absorption bands observed in the
spectra. The hydroxyl stretch band at 3572 cm™ was ob-
served in the spectra of the powder (Fig. 1, curve a) and
for both coatings (Fig. 1, curves b and c). Furthermore, in
the as-sprayed coating spectra, this hydroxyl band has a
lower intensity compared to the feedstock powder and the
heat-treated coating and there is no presence of the
libration mode at 630 cm™ of the hydroxyl vibration.

The presence of the characteristic OH vibration mode
at 3572 cm™' and the librational mode at 630 cm™
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Fig. 8 Adhesion test results according to ASTM F1147-99

coupled with the splitting of the major PO3~ absorption
bands of the vibrational modes at 1090, 1048, 960, 601, and
570 cm™" assured the presence of HAp in the coating after
the heat treatment (Ref 39). There was no evidence, in the
FTIR spectra, of CO3™ absorption (v;) that occurs as a
broad doublet at about 1465 and 1412 cm™" (Ref 40).
Consequently, the heat treatment in an air atmosphere
may produce a rehydroxylation of the coating.

3.6 Immersion Test

The surface morphology of the as-sprayed coating
changes with the immersion time, while the heat-treated
coating remains unchanged (Fig. 5 and 6, respectively).
After 24-h immersion, the surface of the as-sprayed
coating is completely covered with cauliflower-like pre-
cipitates and cracks were found along the whole surface
(Fig. 5(b)). According to Li et al. this phenomenon is
believed to be due to the enhanced bioactivity coupled
with diffusion reactions between the coating surface and
the SBF (Ref 41). Precipitates are present on the as-
sprayed coating surface after 1 day of immersion. The
quantity and size of the precipitation increase as the
immersion time increases. These precipitates commonly
appear in HAp coatings immersed in solutions containing
Ca®* cations and PO3 anions and they were previously
reported as apatite (Ref 42). There were no precipitates
on the surface of the heat-treated coating after 7 days of
immersion (Fig. 6).

The evolution of the Ca®* and HPO3™ concentrations in
the SBF after the immersion test, for as-sprayed coatings,
is shown in Fig. 7. It can be seen how the concentrations
decrease with time due to the precipitation of apatite onto
the coating surface.

3.7 Bond Strength

The bond strength data were acquired following the
ASTM F1147-99 designation. Each value reported is the
average of three measurements. The results are summa-
rized in Fig. 8. It was found that the tensile adhesion for
the as-sprayed coating was 37.5+4.8 MPa, whereas for
heat-treated coating was 44.2+8.3 MPa. The value
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decreases to 14.5 and 9.16 MPa after 1 and 7 days of
immersion for the as-sprayed coating. A change in the
failure type was found. An adhesive-cohesive failure was
found before immersion, while a completely adhesive
failure was found after immersion. No deterioration of
bond strength was observed after 7 days of immersion for
heat-treated coating. The values ranged from 36.9 to
47.0 MPa.

4. Discussion

The most important issue in a cementless prosthesis is
the quality of the coating which is considered to affect the
coating resorption, bone in growth, and mechanical fixa-
tion of the implant. It had been suggested that the ideal
HAp coating for orthopedic applications would be one
with strong cohesive strength, good adhesion to the sub-
strate, high chemical and phase stability and a high degree
of crystallinity. Nowadays, the crystallinity degree is one
of the main controversies in the HAp coated prosthesis. It
is well-known that thermal spraying processes induce the
presence of other calcium phosphates as TCP, TTCP, or
CaO in the coating. Crystalline HAp is very stable in body
fluids, but the dissolution rates of other calcium phos-
phates are higher than HAp and compromises the coating
stability (Ref 43). On the other hand, these impurity
phases with higher dissolution rate than HAp can accel-
erate the fixation of the implant and promote faster bone
remodeling.

The phases detected in the as-sprayed coatings by x-ray
diffraction were crystalline HAp, or OHA, and ACP. Due
to the high temperatures achieved during thermal spraying
processes the HAp feedstock particles are deposited in a
molten or semimolten condition to form the coating. The
spraying molten parts of the particles could undergo some
dehydroxylation according to the reaction (1) (Ref 44):

(Eq 1)

Thus the HAp crystalline phase consists of unmolten, or
partially molten, particles and crystallized HAp particles
form the melt. Moreover, some authors have suggested
that the removal of structural water from the lattice of
hydroxyapatite produces a solid solution of hydroxyapa-
tite and oxyapatite or, alternatively, a combination of both
(Ref 38). Some hydroxyl-deficient regions which do not
form the amorphous phase can undergo crystallization to
oxyapatite if the cooling rate is slower than a critical value
of formation of the amorphous phase (Ref 45).

It is quite difficult to distinguish HAp from OHAp with
a qualitative x-ray diffraction pattern. Deeper investiga-
tion was carried out by x-ray diffraction using Rietveld
analysis and FTIR. It was observed that the (001) dif-
fraction peaks of the coatings were shifted to lower angles
suggesting that the c-axis of the unit cell of the HAp was
longer in the as-sprayed coatings than in the feedstock
powder. It was reported by other authors that the c-axis of
the unit cell of the OHAp is slightly larger than HAp (Ref
45). The main proof of the presence of OHAp in the

— -
20H) = Of) + V(5 + HaO(q).
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as-sprayed coating was the FTIR spectra, where no evi-
dence of the libration mode at 630 cm™" of the hydroxyl
group was observed. Thus the crystalline phase in the as-
sprayed coating is supposed to be a solid solution of
oxyapatite, oxyhydroxyapatite or, alternatively, a combi-
nation of HAp and OHAp/OAp.

Amorphous materials are commonly obtained by rapid
cooling from molten state. Fast cooling reduces the
mobility of the atoms before they can pack into a more
thermodynamically favorable crystalline state. Even
though fast quenching is critical for the formation of ACP,
it also depends on the complex structure of the hexagonal
HAp unit cell. Vacancies located on hydroxyl sites
strongly enforce the retention of the ACP. Some authors
observed an increasing amorphicity in powders with a
lower hydroxyl content (Ref 46). In consequence, it is
difficult for the crystalline phase to form after the melting
due to the quenching of the molten shell of the sprayed
particles and to the removal of hydroxyl ions (Ref 47).

After the chemical etching of the as-sprayed coating, it
was observed that the ACP phase was observed at the
interface of every lamella, parallel to the interface sub-
strate-coating and in the interface coating-substrate. A
sprayed semimolten HAp particle can be understood as a
three-shell structure. The outer shell of the sprayed par-
ticles is molten and dehydroxylated due to the heat, the
intermediate layer is supposedly formed by a stoichiom-
etric melt and the inner core is still solid and maintains the
stoichiometry (Ref 48, 49). Once the sprayed particle ar-
rives to the substrate the droplet spreads.

The coating is more amorphous at the interface sub-
strate/coating than on the surface (Fig. 3(b)). The cooling
rate of the first lamella was controlled by rapid heat dis-
sipation to the metallic substrate. The dehydroxylated
region near the substrate solidifies to ACP, but the area
far away from the substrate crystallizes to form oxyapatite.
Then, as consecutive layers are deposited, the cooling rate
becomes much slower because the thermal conductivity of
HAp [0.72-2.16 W/m'K (Ref 49-51)] is much lower than
for Ti6Al4V. This results in more crystallization when the
melt impacted onto previous deposited coating.

Amorphous calcium phosphate is a metastable phase
and always tends to revert back to a more stable crystal-
line structure through a process of crystallization. Heat
treatment at 700 °C for an hour accelerates the crystalli-
zation and leads to the increase of crystallinity of the Hap-
sprayed coatings. The treatment was done in an air
atmosphere furnace. It seems that atmospheric water
molecules decrease the activation energy for the molecule
diffusion and the free energy during the Hap crystal
growth (Ref 52).

All ACP crystallized after the heat treatment giving a
higher chemical stability against etching with the acidic
solution (Fig. 5(b)). No evidence of amorphous phase was
found. Furthermore, the c-axis length decreased and
became more similar to that of the feedstock powder, so
all the ACP was transformed to a solid solution of HAp,
OHAp, or a combination of both.

The OHAp can transform to HAp by hydrolysis in
order to decrease its free energy (Ref 40). The absorption
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kinetics are mainly controlled by the partial pressure of
water and the coating temperature. It is believed that
residual stresses created during coating building up and
structural imperfections in the coating can assist the
transformation from oxyapatite to hydroxyapatite.

Scanning Electron Microscope observation showed the
appearance of the coating surfaces were very similar be-
fore and after the heat treatment, so the crystallization do
not affect the surface morphology. Cross section obser-
vation of the coatings show that porosity and cracks along
the as-sprayed coating are reduced an hour after the heat
treatment. The diffusion process that takes place at 700 °C
will remove the cracks and pores on the coating with
strong bonding between adjacent particles. The porosity
influences the physical and mechanical characteristics of
the coatings. A balance in the degree of porosity should be
established since too high a porosity will affect the
mechanical strength of the coating, but a porous structure
also allows bone in growth, helping the implant fixation.
Further in vitro and in vivo testing will provide informa-
tion about how these coatings interact with the sur-
rounding tissues.

Hydroxyapatite coatings behave differently in SBF
depending on the heat treatment after spraying. Initially,
amorphous (as-sprayed) coatings show a surface with
tightly adhered splats with pores and cracks involved and
small (>1 um) unmolten particles (Fig. 6). The surface
coating morphology changed after aging in Kokubo’s
solution for 1 day. Cracking is more intensive to the as-
sprayed coating and an uniform layer of apatite was
formed on the HAp coating after 14 days of immersion in
Kokubo’s SBF. Apatite nucleates and grows in cauliflower
structure on amorphous coatings. It seems that this phe-
nomenon indicates a higher bioactivity and an accelerated
nucleation of the apatite on the HVOF-sprayed HAp
coating. Due to instantaneous dissolution of ACP in the
first hours, the concentrations of Ca®> and HPO%‘ increase
to a maximum beyond their original concentrations in SBF
after the immersion of the as-sprayed coatings. Once the
solubility product of apatite has been reached and ex-
ceeded precipitation of secondary Ca-deficient defect
apatite starts. This defect apatite in time tends to absorb Ca
ions from the SBF. This effect was not observed for heat-
treated coatings that do not contain enough ACP to
establish a high concentration level of Ca®" and HPO3 .

It was seen that the adhesion strength in as-sprayed
coating decreases considerably after aging in SBF, but the
adhesion remains unchanged for the crystalline coatings.
An adhesive-cohesive failure was found before immersion
while a completely adhesive failure was found after
immersion in as-sprayed coatings. Therefore, these results
corroborate the evidence of the concentration of ACP on
the interface substrate/coating of the as-sprayed coatings.
The bond strength values are higher than those found in
the literature for other thermal spraying techniques (Ref
53, 54). However, heat-treated coatings adhere better to
the substrate due to the lack degradation in SBF and lower
porosity, but show a low level of biomimetic activity to
form secondary apatite on the surface in contact with SBF.
A Dbalance between the biomimetic activity of the
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as-sprayed coatings and the positive effect on the adhesive
strength of the crystalline coatings should be taken into
account. Both properties are desirable in a biocompatible
coatings and efforts are moving in this direction.

5. Conclusion

o Hydroxyapatite coatings deposited by HVOF spraying
show similar advantages as coatings obtained by APS,
but with higher crystallinity: the as-sprayed coatings
were found to contain only 18% of ACP. Since in
accordance with Standard ISO 13779-2 (Ref 55) the
crystalline content of HAp in a coating shall not be less
than 45%, so HVOF is a promising method to obtain
high crystalline HAp coatings.

o The amorphous phase concentrates at the interface
substrate/coating due to the different temperatures
between the substrate and the solidifying particles. It
was also found at the interface of every lamella where
the molten layer was formed during spraying.

o Heat treatment of the coating allows crystallization of
the ACP present in the coatings. XRD analysis con-
firms that the ACP transforms directly to HAp and not
to other calcium phosphate phases. Crystallization was
also confirmed by chemical etching.

o Potential biomimetic activity was observed in as-
sprayed coatings as calcium phosphate copiously pre-
cipitated at the coating surface after immersion in SBF.
On the other hand, heat-treated coatings adhere better
to the substrate due to the lack degradation of ACP in
SBF and lower porosity, but show a low level of bi-
omimetic activity to form secondary apatite on the
surface in contact with SBF.

e The HVOF-sprayed HAp coating exhibited high bond
strength. The bond strength decreases for the as-
sprayed coatings after immersion in SBF, but it is
constant for the heat-treated coatings. This phenome-
non is related to the amorphous phase dissolution at
the interface substrate-coating in as-sprayed coatings.
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