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Abstract

Among bioactive ceramics, hydroxyapatite (HAp) has been widely studied, especially as a coating onto metallic substrates. In clinical applications,
coating delamination has been observed, close to the interface between coating and substrate. This is due to a mismatch in the thermal expansion
coefficients of HAp and titanium/titanium alloy. In order to improve the adhesion, a proper bond coat may be introduced. In this work, a functionally
graded coating TiO,—HAp, in which the composition gradually changed from TiO, to HAp, was deposited onto Ti6 Al4V substrates by atmospheric
plasma spraying (APS). With the aim of defining the best spraying parameters to obtain the graded system, preliminary coatings of pure TiO, and
pure HAp were deposited by varying systematically the typical spraying conditions, such as the torch power and H, flux. The preliminary coatings
were characterized by means of SEM, that confirmed the strong dependence of the microstructure on the torch power, and X-ray diffraction, that
showed the significant influence exerted by the hydrogen flux on the crystallinity and thermal decomposition of HAp. The results of the preliminary
investigations were used to optimise the spraying conditions for the FGM deposition and, accordingly, the final graded coating was obtained and
characterized. Post-deposition heat treatments were performed in order to improve further the graded coating and their effect on the mechanical
properties was evaluated via Vickers micro-indentation tests. The investigation showed that, after raising the temperature, the crystallinity of HAp
and the Vickers hardness increased, however, at high temperature (more than 750 °C), the stress induced by the re-crystallization promoted the
propagation of cracks and weakened the interface.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction and electrophoretic deposition.> However, atmospheric plasma

spraying is nowadays the most commonly used method in the

Hydroxyapatite (HAp) is widely used in biomedical applica-
tions, in both orthopaedic and dental implants, since it shows a
similar chemical and mineralogical composition to living bone
tissue.! However, HAp suffers from its brittleness and relatively
poor mechanical properties, which impede its usage in long term
load-bearing applications. In order to overcome this drawback,
HAp is often used as a bioactive coating on metallic substrates,
such as titanium and titanium alloys, which are mechanically
stronger and tougher.”

Several techniques have already been attempted to deposit
HAp coatings onto metal substrates such as, for example, sput-
tering, hydrothermal reaction, sol-gel or aerosol—gel methods,
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industrial practice.* Plasma spraying is widely adopted to obtain
HAp coatings onto titanium/titanium alloy implants since it is a
well established and cost-effective surface treatment process,2
nevertheless it has been asserted that the adhesiveness of HAp
coatings is relatively weak and decreases in the case of thick
coatings,® probably due to the mismatch in the coefficients of
thermal expansion of HAp and titanium (11.5 x 107K~ and
8.9 x 1070 K~!, respectively).® In order to solve this problem,
Khor et al. proposed to create a promising HAp/titanium alloy
graded coating.” In fact, functionally graded materials (FGMs)
are a new class of composite materials, whose composition
and/or microstructure vary gradually in space thus allowing a
better integration between dissimilar constituent phases with
respect to traditional bi-material structures.”-3

As an alternative solution, a bioinert bond coat may be intro-
duced. The insertion of a proper inter-layer may be advantageous
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under several respects and not only because it reduces the dis-
crepancy between the coefficients of thermal expansion of the
metal substrate and the HAp top coat. In fact, it also avoids
the direct contact between HAp and metal, which is thought to
promote the thermal decomposition of HAp, and decreases the
steep temperature gradients during plasma spraying, which may
favour the uncontrolled formation of amorphous calcium phos-
phates. Moreover, a specific bond coat may reduce the potential
release of metal ions from the substrate and induce a cushion-
ing effect against cyclic loading of the implant in service.® In
particular, it has been proved that a titania bond coat may sig-
nificantly increase the interfacial bond strengths and the overall
performance of HAp-coated Ti—-6Al-4V systems.”

Also TiO2/HAp composite bond coats have shown interesting
properties, since the titania hinders the crack propagation and
properly modifies the coefficient of thermal expansion of pure
HAp.'?

The basic idea of the present work was to combine the bene-
fits of a gradual change in composition typical of FGMs with the
advantages of titania and titania/HAp bond coats, by depositing a
titania—HAp graded coating onto Ti6Al4V substrates by plasma
spraying. In the present research, in order to obtain the graded
coating, titania and HAp were sprayed together, in proper pro-
portions. However, the spraying conditions typically applied to
deposit pure titania and pure HAp are quite different, as the for-
mer is thermally stable while the latter thermally decomposes, so
great attention was devoted to the identification of the optimal
spraying parameters to co-spray the TiO, and HAp powders.
With this aim, several coatings of pure titania and pure HAp
were produced and analysed in order to evaluate the effect of
such parameters as torch power and hydrogen flux. The results
of these preliminary depositions were used to define the spray-
ing parameters for the final TiO,/HAp graded coating, which
was deposited, characterized and further optimised via proper
heat treatments.

2. Materials and methods
2.1. Preliminary coatings

Commercially available HAp powder (Plasma Biotal, Cap-
tal 60-1, granulometric distribution with D50 at about 45 pum
and D90 at about 83 wm) and TiO, powder (Sulzer METCO
102, granulometric distribution with D50 at about 30 wm and
D90 at about 53 wm, Fig. 1) were used as starting materials.
Commercial titanium alloy (Ti6Al4V) substrates were properly
cut (about 40 mm x 40 mm x 5 mm) and employed as substrates
after grit-blasting by alumina particles (Sulzer Metco Metcolite-
C). All the depositions were carried out in air plasma spraying
mode by using an F4-MB plasma torch installed in a Controlled
Atmosphere Plasma-Spraying plant at Centro Sviluppo Materi-
ali S.p.A. (Roma, Italy), which is co-shared with the University
“La Sapienza” (Roma).

In a first step, in order to analyse the effect of the spraying
conditions on HAp and TiO;, the two powders were deposited
separately varying the torch power and the hydrogen flux as
described in Table 1. The other parameters were kept constant
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Fig. 1. Granulometric distribution of the commercial HAp and TiO, powders
used as feedstock for the plasma spraying depositions.

Table 1
Torch power and H, flux values for preliminary coatings of pure HAp and pure
TiO,

Name Power (kW) H; flux (slpm)
HApl; Tl 45 15
HAp2; T2 45 5
HAp3; T3 40 15
HAp4; T4 40 5
HApS; TS 35 15
HAp6; T6 35 5
HAp7; T7 30 15
HApS; T8 30 5
HAp9; T9 25 15
HAp10; T10 25 5

HAp stands for pure HAp coating; T stands for pure TiO; coating.

as listed in Table 2. Both the pure HAp coatings (samples
HApl1-HAp10) and the pure TiO; ones (samples T1-T10)
were characterized via scanning electron microscopy, SEM,
coupled with X-ray energy dispersion spectroscopy, X-EDS
(ESEM Quanta 2000), in order to investigate their microstruc-
ture and evaluate their mean porosity and thickness. Moreover,
all the coating surfaces underwent a X-ray diffraction test, XRD
(PANalytical X’pert PRO). The diffraction patterns were col-
lected at a scan rate of 0.017°/s with Cu Ko radiation. The

Table 2
Plasma torch operating parameters

Spraying parameters

Settings

Torch-type

Power

Spraying distance
Number of passes
Powder injection system

Plasma gas composition and flow
Cooling system
Substrate temperature during deposition

F4-MB, internal diameter: 6 mm
see Table 1

100 mm

5 pre-heating + 10 spraying
Carrier gas: Ar, 3 slpm; injector
axial distance from torch exit:

7 mm; injector angular distance
from torch exit: 90°; injector
internal diameter: 1.8 mm

Ar, 50 slpm; Hy, see Table 1
Cooling gas: Ar; pressure 8.5 bar
About 150°C
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26 angular range in exam was fixed to 20-60°. As regards
the HAp coatings, since the plasma spraying may induce a
thermal decomposition, the degree of crystallinity, DOC, after
deposition was estimated by means of a relative method, com-
paring the intensity Ic of the main HAp peak of the coating to
the intensity /pp of the main HAp peak of the HAp feedstock
powder!!:

DOC (%) = I x 100 1)

Irp
The same relative method was also used to evaluate the con-

tent of impurity phases in the coatings!':

IMP (%) = ™ o 100 )

Irp

where Invp is the intensity of the main peak of the impurity phase

from the XRD pattern of the coating and, as stated before, Irp is

the intensity of the main HAp peak from the XRD pattern of the

HAp feedstock powder. In particular, this approach was applied

to estimate the content of CaO in the coatings.

The results obtained from the preliminary coatings, in terms
of microstructure and HAp crystallinity and integrity, were used
to define the best values of torch power and H, flux to deposit
the final graded coating.

2.2. Functionally graded coating

The graded system was designed as a multi-layered coating,
whose composition changed from pure titania (at the interface
with the Ti6Al4V substrate) to pure HAp (at the outer surface).
Each one of the 11 layers deposited could be considered as a
traditional (i.e. not graded) composite material and, moving from
the substrate to the top surface, the mean content of titania was
decreased by 10 vol% from layer to layer; the mean content of
HAp was increased accordingly.

In order to spray a graded coating different approaches can
be experimented; usually, if the graded coating is designed as
a multi-layered system, the layers can be produced by using
various pre-mixed blends of powders 714 or coated powder
particles.!>1© In the present research, an alternative technique
was preferred and the TiO, and HAp powders were not pre-
mixed or pre-coated but separately introduced in the plasma flux
by two different powder feeders.!”-'® The compositional pro-
file was obtained by progressively modifying the feeding flow
rates of the two powders. In order to achieve the desired volume
fractions, the TiO, and HAp feeding rates for each layer were
calculated on the basis of a deposition efficiency measurement.
In fact the two powders were separately sprayed on substrates
of known thickness under the same deposition conditions and
number of passes, after that the thickness of the two coatings was
measured and used to calibrate the feeding rates. The feeding
parameters are reported in Table 3. Even if this approach needed
a more accurate setting of the spraying process, it was chosen
because it made it possible to work with two powders instead
of 11 mixtures, as required by the other methods. Moreover, the
use of several different mixtures or coated powders would have
made it necessary to empty the feeders at the end of the deposi-

Table 3
Feeding parameters for the functionally graded coating
HAp % in the layer Feeding disk speed (rpm)
TiO; HAp
0 13.0 0.0
10 11.7 2.7
20 10.4 5.3
30 9.1 8.0
40 7.8 10.7
50 6.5 13.4
60 5.2 16.0
70 39 18.7
80 2.6 21.4
90 1.3 24.0
100 0.0 26.7

tion of each layer, while the employment of two feeders made it
possible to work in a continuous way.

As previously mentioned, in order to define an optimal com-
promise between the spraying conditions typically required for
TiO, and HAp, the torch power and Hy flux were suggested
by the preliminary coating characterization (as discussed in the
following). The other spraying parameters were the same as for
the preliminary coatings, as detailed in Table 2. For both the
powders, argon was used as carrier gas and its flow rate was set
to 3.2 slpm for HAp and 3.0 slpm for TiO».

The SEM and XRD investigations were repeated on the
resulting graded coating.

2.3. Heat treatments on the graded coating

Various heat treatments were performed to improve further
the system: the samples were heated in air from room temper-
ature to the maximum temperature (650 °C/750°C/850°C) at
10 °C/min, left at the maximum temperature for 1h and then
cooled naturally inside the kiln. Beside the microstructural and
mineralogical characterization, the effect of the thermal treat-
ments on the mechanical properties was evaluated by performing
Vickers micro-indentation tests on the polished cross-section of
the as-sprayed and heat-treated coatings (Wolpert Group, Micro-
Vickers Hardness Tester digital auto turret, Mod. 402MVD). A
maximum load of 1N was applied for 15s. The indentations
were carried out on lines parallel to the coating—substrate inter-
face, in order to appreciate the relation existing between local
composition and mechanical properties before and after the heat
treatment.

3. Results and discussion
3.1. Analysis of preliminary coatings

The air plasma spraying method is widely used to deposit
TiO, because the plasma temperatures are high enough to melt
ceramics having a high melting point (1855 °C for TiO;).!” On
the other hand, the extreme temperatures of the plasma flame
are likely to decompose the HAp.?® As a consequence, if TiO,
and HAp have to be co-sprayed, as it is the case of composite
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graded coatings, the spraying parameters should be carefully set.
In particular, in the present research great attention was paid to
torch power and Hj flux, because the former controls the flame
energy and the latter influences the plasma enthalpy.?!

The effect of the spraying conditions on the microstructure
could be appreciated by the SEM observation of the cross-
sections, as shown in Fig. 2 (low magnification images, 100x)
and Fig. 3 (high magnification images, 1000x). Based on the
SEM micrographs, an image elaboration made it possible to cal-
culate the mean porosity and mean thickness of the preliminary
coatings, as reported in Table 4. The microstructure was substan-
tially governed by the torch power, since low values of the power
resulted in not-continuous coatings, in the sense that the coating
was so defective that it could not completely cover the surface.
In particular, if the power was less than 40 kW, the pure titania
coatings became very defective and discontinuous. A decrease of
the torch power induced a progressive increment in porosity and
reduction in thickness of pure HAp coatings, until the HAp coat-
ings as well became discontinuous for a torch power of 25 kW.
However, as regards the pure HAp coatings, the microstructure
was also influenced by the Hj flux, since under the same torch
power alow H» flux (5 slpm instead of 15 slpm) resulted in a thin-
ner and more porous HAp coating (as shown in Fig. 3). Since
only the TiO; coatings deposited at 45 kW and 40 kW were con-
tinuous, it was not possible to define unambiguously the effect

TiO;
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45 kW- 5 slpm
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Fig. 2. Examples of preliminary coatings cross-sections (low magnification
SEM images, 100x).
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Fig. 3. High magnification (1000x) SEM images of preliminary coatings cross-sections.
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Table 4
Mean porosity and thickness of preliminary coatings (pure TiO; and pure HAp)

Porosity (%) Thickness (pm)
Titania coatings

Tl 3.0+0.8 153+ 10
T2 2.5+05 157+ 11
T3 1.9+0.1 171+£12
T4 40+1.6 156 £ 10
TS Not continuous

T6 Not continuous

T7 2.1+0.2 152+7
T8 Not continuous

T9 Not continuous

T10 Not continuous

HAp coatings

HApl 13.94+0.7 136 + 14
HAp2 16.9+2.9 107 £ 10
HAp3 16.2+£2.6 140+ 18
HAp4 18.7+24 59+ 14
HAp5 10.7+£1.4 105+ 14
HAp6 26.1+2.1 68.1+24
HAp7 14.2+£3.0 108 + 14
HAp8 25.8+3.5 93+ 13
HAp9 18.7+£1.9 82+ 11
HAp10 Not continuous

of the H; flux on these systems. However, according to the direct
SEM observation of the cross-sections, the role of the Hy flux
on the microstructural morphology, especially in TiO, coatings,
could be considered secondary with respect to torch power.

In contrast, the effect of Hy flux on crystallinity and the
presence of impurity phases was very relevant. The XRD tests
performed on the pure TiO; coatings showed a good crystalliza-
tion, with rutile and anatase as the principal phases induced by
the spraying process. Table 5 suggests that, as a general trend, the
peak intensity of rutile increased at increasing power2?; more-
over the peaks of rutile were more intense for a H, flux of 5 slpm
than 15 slpm. Table 6, instead, refers to the degree of crystallinity
and content of impurity phases (CaO) of pure HAp, calculated
according to Eq. (1). A direct correlation exists between the Hy
flux and the degree of crystallinity, since, with the same torch
power, a low value of the flux induced a high degree of crys-
tallinity and vice versa. Moreover, the presence of CaO, which

Table 5
Effect of spraying parameters on rutile crystallization in pure TiO, preliminary
coatings

Rutile peak int. (cts)

Titania coatings

Tl 406
T2 967
T3 610
T4 1126
T5 412
T6 1066
T7 388
T8 993
T9 345
T10 1179

Table 6
Effect of spraying parameters on the degree of crystallinity and content of CaO
in pure HAp preliminary coatings

DOC (%) CaO (%)
HAp coatings
HApl 6.9 0.4
HAp2 8.1 0.2
HAp3 5.1 0.6
HAp4 10.1 0.1
HApS 6.3 0.4
HAp6 9.6 0.0
HAp7 5.8 0.3
HAp8 8.2 0.1
HAp9 6.0 0.2
HAp10 8.8 0.0

was caused by the thermal decomposition of hydroxyapatite,
was influenced by the Hj flux too. In this case, with the same
torch power, the lower the H, flux, the lower the CaO content
and vice versa. As a general trend, the integrity of HAp was
facilitated by low values of the power and, for a power of 25 kW
and a H, flux of 5 slpm, the presence of CaO was negligible.

3.2. Optimisation of the spraying parameters and
deposition of the graded coating

Since the basic target of the present research was to deposit
a high quality TiO,—HAp graded coating, it was mandatory to
work with a high torch power, not less than 40 kW, because
a lower value would give place to a discontinuous TiO; layer
at the interface with the metal substrate, thus undermining the
structural strength of the coating, and it would give place to an
excessively porous HAp. In particular, as regards the HAp, even
if large and controlled pores are thought to promote the bone
in-growth, a very high porosity would be undesirable, since it
could reduce the mechanical and bonding strength of the material
itself.?324

However, a high power could favour the thermal decomposi-
tion of hydroxyapatite, inducing a low crystallinity and a high
content of impurity phases.!'?> As a consequence, a value of
40kW was chosen for the graded coating production, because it
was a good compromise between quality of microstructure and
HAp integrity.

As regards the Hy flux, a value of 5slpm was adopted to
depositthe graded coating, since it slightly increased the porosity
(Table 4) but it was extremely beneficial to promote the crys-
tallinity of HAp and reduce its CaO content (Table 6). In fact, it is
known from the literature that plasma spraying usually induces
a thermal decomposition of HAp, decreasing its crystallinity
and giving place to various decomposition products.*?026 As
regards the HAp crystallinity, though it is usually acknowledged
that a small amount of amorphous HAp may be advantageous
at the coating surface, because it may promote profitable phys-
iological activities, a high degree of crystallinity is generally
preferable,?”?® because highly crystalline HAp may create a
direct bond with bone in vivo and show low dissolution rates.
On the other hand, as regards the CaO, since its content in
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HAp rich area

TiO; rich area

Ti-6A1-4V substrate ————> & 50 pum

Fig. 4. Cross-section of the TiO,—HAp graded coating.

the feedstock HAp powder was negligible, its presence in the
sprayed coatings could be considered as representative of the
development of byproducts. So, the lower the CaO content, the
lower the uncontrolled development of decomposition products.
Moreover, the content of calcium oxide should be minimized
because CaO is extremely reactive with water and undesired in
biomedical implants 28 and, if its content is excessive, it can-
not completely transform into HAp during post-deposition heat
treatments.26-28

These values of torch power (40kW) and H; flux (5 slpm)
were used to deposit the graded coating, according to the
approach previously described. The microstructure of the graded
coating is presented in Fig. 4. The SEM investigation of the
cross-section with back-scattered electrons revealed the typ-
ical splat-like morphology of plasma-sprayed ceramics, with
the dark lamellae made of HAp and the light ones of TiO;.
The SEM inspection, coupled with X-EDS, suggested that no
relevant reaction took place between the constituent phases,
because the lamellae were clearly distinguishable and the inter-
face between them quite definite (Fig. 5). It is worth noting that
the 11 layers deposited to obtain the graded coating could not
be distinguished, since their mean thickness was comparable
with the dimension of the titania and HAp domains, and there-
fore the final gradient could be considered continuous and not
step-wise.®1829 As a matter of fact, the total thickness of the
coating, 204.6 £ 26.5 um, was reached by depositing 11 layers,
that means the mean thickness of each layer was about 18 pwm,
that is comparable with the dimension of the titania and HAp
domains in the graded coating, as displayed in Fig. 5. As shown
in Fig. 5, the residual porosity (mean value: 8.8 £ 3.4 vol%) is
preferentially located in the HAp-rich area, while the TiO;-rich
area close to the interface is denser and extremely compact,
favouring the mechanical reliability of the coating. The XRD test
performed on the surface could not detect the titania, confirm-
ing that the outer surface, in contact with the environment, was

10.0um:

Fig. 5. Titania (dark grey) and HAp (light grey) domains in the FGM cross-
section.

formed by HAp. The degree of crystallinity was very high and the
presence of CaO limited (51 & 1% and 2.5 & 0.1% respectively,
according to the relative method previously described), confirm-
ing the beneficial effect of TiO, which impeded the direct contact
between HAp and Ti alloy substrate.

3.3. Effect of heat treatments on the graded coating

Heat treatments are widely used to improve plasma-sprayed
HAp coatings, since they can improve the HAp crystallinity
and stimulate the conversion of impurity phases into HAp.%¢
The temperature of annealing, however, should be carefully set,
since HAp may decompose during the heat treatment. It has
been reported that HAp is likely to decompose at 900 °C in air
27.30 and 950 °C in vacuum.?7-3! Moreover, the exposition to an
excessive temperature may alter the Ti—-6A1-4V substrate. For
this reason, the temperature range 650-850 °C was considered
in this study.

As represented in Fig. 6, the SEM investigation showed that
the heat treatment did not homogenize the microstructure and the
compositional gradient was preserved. However, at increasing
temperature (750 °C), it was evident that the interface between
the coating and the substrate became more defective and the pres-
ence of cracks increased, as shown in Fig. 7, leading to the failure
of the coating at really high temperature (850 °C). Though some
porosity and cracks could be tolerable and even helpful to pro-
mote the bone tissue in-growth, the mechanical properties of the
coating should not be compromised by an exceeding porosity.?

This effect on the microstructure of heat-treated coatings
may be justified by the re-crystallization of HAp proved by the
XRD. In fact, as shown in Table 7, if the annealing temperature
is increased, the degree of crystallinity of HAp increases and
the content of impurity phases diminishes. Amorphous regions
are thought to act like a binding agent, promoting the cohe-
sion between crystalline regions.?’ After re-crystallization, this
cement-like function of amorphous phases is reduced. Moreover,
both re-crystallization and phase transformation cause volume
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Graded coating, as sprayed

Graded coating, 650° 1h

Graded coating, 750° 1h

Graded coating, 850° 1h

Fig. 6. Effect of different heat treatments on the graded coating.

Fig. 7. Cracks induced by the HAp re-crystallization in the sample heat-treated
at 750°C for 1 h.

Table 7
Effect of thermal treatments on the degree of crystallinity (DOC) and content of
CaO of the HAp in the graded coating as determined by the relative method

changes and hence additional stresses which superimpose on the
residual stresses already present.'%2027 However, the presence
of TiOy, having a coefficient of thermal expansion in-between
those of HAp and Ti—6Al-4YV, is beneficial to decrease such
residual stresses.'”

In order to evaluate the effect of thermal treatments, the
as-sprayed coating and the heat-treated ones underwent a sys-
tematic Vickers micro-indentation test. As already mentioned,
since the compositional gradient is associated with a change in
mechanical properties, on each cross-section the indentations
were performed on two areas: close to the interface (TiO>-rich
area) and close to the upper edge (HAp-rich area). As reported
in Table 8, this approach immediately proved that the hard-
ness decreased from the TiO;-rich area to the HAp-rich area,
confirming the strengthening effect of the TiO,. Moreover, the
mechanical properties of the TiO, were not significantly altered

Table 8
Vickers hardness measured on TiO,-rich and HAp-rich areas of the cross-section
on samples treated at different temperatures

HVq.1 (Vickers)

DOC (%) CaO (%) TiOs HAp
FGM sample FGM Sample
AS. 47.7 2.0 AS. 480.1 £ 79.8 208.3 £ 38.8
650°C 714 2.1 650°C 488.8 & 81.6 259.5 £ 51.1
750°C 80.2 2.3 750°C 513.7 £ 113.1 302.3 £ 101.2
850°C 91.0 2.0 850°C 363.9 £ 53.7 2345 £472
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by the heat treatment, while the re-crystallization resulted in
increased hardness of the HAp. However, due to the progressive
development of cracks, the samples treated at high temperature
(e.g. 850 °C) achieved poorer performances. As a consequence,
also on the basis of the observations regarding Fig. 7, the optimal
annealing temperature was 650 °C, which promoted the HAp re-
crystallization and impurity reduction without undermining the
microstructural strength of the graded coating.

4. Conclusions

The present research aimed at producing a TiO,—HAp-graded
coating on a Ti-6Al-4V substrate by plasma spraying, since
this system could combine the benefits of a TiO, bond coat
with the advantages of a functionally graded material. Even if
plasma spraying is a well-established technique, the deposition
of a TiO,—HAp-graded coating required a very accurate setting
of the spraying parameters, since the TiO, and the HAp powders
had to be co-sprayed. In order to investigate the effect of torch
power and H; flux, several preliminary coatings of pure TiO;
and pure HAp were sprayed and characterized, focusing on the
microstructural integrity and potential thermal decomposition of
HAp. In order to obtain a continuous and reliable coating and to
minimize the content of amorphous HAp and impurity phases
(Ca0), a torch power of 40kW and a H, flux of 5slpm were
used to produce the graded coating.

The assessment of the spraying parameters resulted in a
dense coating, characterized by a small residual porosity pref-
erentially concentrated in the HAp-rich region, a high degree
of crystallinity and a very low content of CaO. Thanks to a
proper selection of the annealing temperature, a subsequent
heat treatment made it possible to increase further the degree of
crystallinity and reduce the content of impurity phases, without
altering the compositional gradient or inducing relevant crack
development. The Vickers micro-indentation tests confirmed not
only the functional gradient associated with the compositional
change in space, but also the beneficial effect of the optimal
heat-treatment on the mechanical properties.

Acknowledgements

Centro Sviluppo Materiali (CSM) S.p.A. (Roma, Italy),
Surface Engineering Unit, is gratefully acknowledged for the
spraying sessions. Many thanks to Mr. Tim Sugar and Mr.
Andrea Cattini for their precious help in samples preparation
and characterization. Dr. Fiorenza Pierli greatly contributed to
the deposition and characterization of both the preliminary and
the graded coatings.

References

1. Deram, V., Minichiello, C., Vannier, R.-N., Le Maguer, A., Pawlowski,
L. and Murano, D., Microstructural characterizations of plasma sprayed
hydroxyapatite coatings. Surface and Coatings Technology, 2003, 166,
153-159.

2. Cizek, J., Khor, K. A. and Prochazka, Z., Influence of spraying conditions on
thermal and velocity properties of plasma sprayed hydroxyapatite. Materials
Science and Engineering C, 2007, 27, 340-344.

3. Stojanovic, D., Jokic, B., Veljovic, Dj., Petrovic, R., Uskokovic, P. S. and
Janackovic, Dj., Bioactive glass—apatite composite coating for titanium
implant synthesized by electrophoretic deposition. Journal of the European
Ceramic Society, 2007, 27, 1595-1599.

4. Dyshlovenko, S., Pierlot, C., Pawlowski, L., Tomaszek, R. and Chagnon, P.,
Experimental design of plasma spraying and laser treatment of hydroxyap-
atite coatings. Surface and Coatings Technology, 2006, 201, 2054-2060.

5. Inagaki, M., Yokogawa, Y. and Kameyama, T., Apatite/titanium composite
coatings on titanium or titanium alloy by RF plasma-spraying process. Thin
Solid Films, 2001, 386, 22-226.

6. Yang, Y. C. and Chang, E., Residual stress in plasma-sprayed hydroxyapatite
coating measured by the material removal method. Journal of Materials
Science Letters, 2003, 22(13), 919-922.

7. Khor, K. A., Gu, Y. W., Quek, C. H. and Cheang, P., Plasma spraying of func-
tionally graded hydroxyapatite/Ti—-6Al1-4V coatings. Surface and Coatings
Technology, 2003, 168, 195-201.

8. Miyamoto, Y., Kaysser, W. A., Rabin, B. H., Kawasaki, A. and Ford, R.
G., Functionally graded materials. Design, Processing and Applications.
Kluwer Academic Publishers, 1999.

9. Heimann, R. B., Thermal spraying of biomaterials. Surface and Coatings
Technology, 2006, 201, 2012-2019.

10. Lu, Y.-P,, Li, M.-S., Li, S.-T., Wang, Z.-G. and Zhu, R.-F., Plasma-sprayed
hydroxyapatite + titania composite bond coat for hydroxyapatite coating on
titanium substrate. Biomaterials, 2004, 25, 4393-4403.

11. Mohammadi, Z., Ziaei-Moayyed, A. A. and Sheikh-Mehdi Mesgar, A.,
Adhesive and cohesive properties by indentation method of plasma-sprayed
hydroxyapatite coatings. Applied Surface Science, 2007, 253, 4960-4965.

12. Gu, Y. W,, Khor, K. A,, Fu, Y. Q. and Wang, Y., Functionally graded
ZrO,—-NiCrAlY coatings prepared by plasma spraying using pre-mixed,
spheroidized powders. Surface and Coatings Technology, 1997, 96,
305-312.

13. Xinhua, X., Jingchuan, Z., Zhongda, Y. and Zhonghong, L., Fabrication and
microstructure of ZrO,/NiCrCoAlY graded coating by plasma spraying.
Surface and Coatings Technology, 1996, 88, 66—69.

14. Khor, K. A., Gu, Y. W. and Dong, Z. L., Plasma spraying of functionally
graded yttria stabilized zirconia/NiCoCrAlY coating system using compos-
ite powders. Journal of Thermal Spray Technology, 2000, 9(2), 245-249.

15. Khor, K. A, Gu, Y. W., Pan, D. and Cheang, P., Microstructure and mechan-
ical properties of plasma sprayed HA/YSZ/Ti—6A1-4V composite coatings.
Biomaterials, 2004, 25(18), 4009—4017.

16. Demetriou, M. D., Lavine, A. S. and Ghoniem, N. M., Feasibility of plasma
spraying in developing MMC coatings: modeling the heating of coated pow-
der particles. Journal of Manufacturing Science and Engineering, 2002,
124(1), 58-64.

17. Vaidya, R. U., Castro, R. G., Peters, M. 1., Gallegos, D. E. and Petrovic,
J. J., Use of plasma spraying in the manufacture of continuously graded
and layered/graded molybdenum disilicide/alumina composites. Journal of
Thermal Spray Technology, 2002, 11(3), 409-414.

18. Cannillo, V., Lusvarghi, L., Siligardi, C. and Sola, A., Characterization of
glass—alumina functionally graded coatings obtained by plasma spraying.
Journal of the European Ceramic Society, 2007, 27(4), 1935-1943.

19. Lima, R. S. and Marple, B. R., From APS to HVOF spraying of conventional
and nanostructured titania feedstock powders: a study on the enhancement
of the mechanical properties. Surface and Coatings Technology, 2006, 200,
3428-3437.

20. Cheang, P. and Khor, K. A., Addressing processing problems associated
with plasma spraying of hydroxyapatite coatings. Biomaterials, 1996, 17,
537-544.

21. Davis, J. R., ed., Handbook of Thermal Spray Technology. Davis and Asso-
ciates, ASM International, 2004.

22. Berger-Keller, N., Bertrand, G., Filiatre, C., Meunier, C. and Coddet, C.,
Microstructure of plasma-sprayed titania coatings deposited from spray-
dried powder. Surface and Coatings Technology, 2003, 168, 281-290.

23. Hench, L. L., Bioceramics: from concept to clinic. Journal of the American
Ceramic Society, 1991, 74(7), 1487-1510.

24. Yang, Y. C. and Chang, E., Influence of residual stress on bonding strength
and fracture of plasma-sprayed hydroxyapatite coatings on Ti—-6Al-4V sub-
strate. Biomaterials, 2001, 22, 1827-1836.



25.

26.

217.

28.

V. Cannillo et al. / Journal of the European Ceramic Society 28 (2008) 2161-2169

Dyshlovenko, S., Pawlowski, L., Roussel, P., Murano, D. and Le Maguer, A.,
Relationship between plasma spray operational parameters and microstruc-
ture of hydroxyapatite coatings and powder particles sprayed into water.
Surface and Coatings Technology, 2006, 200, 3845-3855.

Espanol, M., Guipont, V., Khor, K. A., Jeandin, M. and Llorca-Isern, N.,
Effect of heat treatment on high pressure plasma sprayed hydroxyapatite
coatings. Surface Engineering, 2002, 18(3), 213-218.

Tsui, Y. C., Doyle, C. and Clyne, T. W., Plasma sprayed hydroxyapatite
coatings on titanium substrates. Part 2. Optimisation of coating properties.
Biomaterials, 1998, 19, 2031-2043.

Lu, Y.-P, Song, Y.-Z., Zhu, R.-F, Li, M.-S. and Lei, T.-Q., Factors
influencing phase compositions and structure of plasma sprayed hydroxya-

29.

30.

31.

2169

patite coatings during heat treatment. Applied Surface Science, 2003, 206,
345-354.

Mortensen, A. and Suresh, S., Functionally graded metals and metal-ceramic
composites. II. Thermomechanical behaviour. International Materials
Review, 1997, 42(3), 85-116.

Brown, S. R., Turner, I. G. and Reiter, H., Residual stress measurement
in thermal sprayed hydroxyapatite coatings. Journal of Materials Science:
Materials in Medicine, 1994, 5, 756-759.

Brossa, F., Cigada, A., Chiesa, R., Paracchini, L. and Consonni, C.,
Post-deposition treatment effects on hydroxyapatite vacuum plasma spray
coatings. Journal of Materials Science: Materials in Medicine, 1994, 5,
855-857.



	Production and characterization of plasma-sprayed TiO2-hydroxyapatite functionally graded coatings
	Introduction
	Materials and methods
	Preliminary coatings
	Functionally graded coating
	Heat treatments on the graded coating

	Results and discussion
	Analysis of preliminary coatings
	Optimisation of the spraying parameters and deposition of the graded coating
	Effect of heat treatments on the graded coating

	Conclusions
	Acknowledgements
	References


