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Plasma-sprayed hydroxyapatite coating: effect
of different calcium phosphate ceramics
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Three kinds of calcium phosphate ceramic powders, namely commercial hydroxyapatite
(CHA), self-made hydroxyapatite (SMHA) and synthesized hydroxyapatite (SHA), are
employed as starting materials for plasma-sprayed coating onto a stainless steel (316L)
substrate. Results show a mixture of hydroxyapatite (HA), tricalcium phosphate (TCP), and
tetracalcium phosphate (TeCP) phases appearing in the CHA and SHA-derived coatings and a
primary of a HA with trace contents of tricalcium phosphate phases resulting in the SMHA-
derived coating. The HA appears to be the only observable crystalline phase present in the
SMHA-derived coating after 7 days of incubation with a simulated body fluid (SBF);
however, part of the impurities, i.e. TCP and TeCP, remain in the other coatings. No apparent
microcracks can be found on the coated surfaces when SMHA and SHA are used. The poor
packing density of SHA reflects its weakness in bonding strength to the substrate surface
compared with that obtained using CHA and SMHA powders. The surface morphology of the
coatings was found to alter significantly after a sufficient period of incubation.

1. Introduction
It is well-known that plasma-sprayed coatings of hy-
droxyapatite (HA) have the ability to induce new bone
ingrowth and subsequently increase fixation stability
[1-5]. Much clinical evidence has indicated that the
presence of HA can promote osseteointegration be-
tween bone and implant devices [6]. Although several
reports [7, 8] indicated that HA coating may degrade
fail either on the interface or on the surface, work
involved in the development of a satisfactory HA
coating has received worldwide attention.
Accordingly, a satisfactory HA coating must be
dense, adherent, and with structures not altered irre-
versibly by the coating techniques [8]; 95% crystalline
HA phase is required [9, 10]. To meet these require-
ments, plasma-sprayed-induced phase decomposition
[11]1 and phase transformation [12, 13] must be
avoided by using large starting particles, varying plas-
ma-sprayed atmospheres, and controlling plasma
spraying parameters to optimize the particle melting
and flow conditions [14]. To maintain the crystal
structure of HA, several attempts at improving
plasma-sprayed coatings have been tried, for instance,
by employing pure inert gas plasma, such as argon gas
or Ar/He gas plasma, instead of a typical Ar/H,
plasma [8, 14]. This is because the inert gases are
chemically inert and thermally low in enthalpy, which
makes HA more stable than when adding H.,.
Although the above-mentioned plasma-sprayed
coatings do show attractive features, their relatively
low interfacial strength, poor packing density and
expensive pure Ar or He gas render this application
commercially impractical. Therefore, to enhance the
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interfacial strength, a high-temperature plasma was
used by incorporating hydrogen gas in Ar; however,
HA undergoes decomposition [11].

In this study, three kinds of calcium phosphate
ceramic powders, namely commercial hydroxyapatite
(CHA), self-made hydroxyapatite (SMHA), and syn-
thesized hydroxyapatite (SHA), were employed as
starting materials for plasma-sprayed coating onto a
stainless steel (316L) substrate. Attempts at assessing
the parameters for optimizing the coating and con-
trolling the factors that may decrease the efficacy of
bioactivity are discussed.

2. Experimental procedures
2.1. Powder morphology and plasma
spraying condition
Three kinds of powder were employed, namely CHA,
SMHA, and SHA. The CHA powder (Amdry 6021,
Alloy Metals Inc.) has a size of 45-165 ym and an
irregular particle shape, Fig. 1. The SMHA, which was
synthesized using a gel method [15], has a size of
5-35 pm and spherical in shape, Fig. 2. The SHA,
which is made at the Paffenbarger Research Center at
the American Dental Association (ADA), has a par-
ticle size of about 8-40 ym and mostly are near-
spherical in appearance, Fig. 3. The powders were
sprayed onto a sand-blasted stainless steel (316) plate
with dimensions 2.0 x 5.0 cm. The plasma sprayer
(Plasma Technik AG, System 3000S-CDS) was oper-
ated at atmospheric pressure at 450 A, 69V, with a
working distance of 10-12 cm. A mixture of Ar/H, gas
at flow rates of 101/min and 40 1/min was used as
carrier gas.
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Figure 2 Hydroxyapatite powder synthesized in this laboratory
(SMHA).

Figure 3 Hydroxyapatite powder provided from Paffenbarger Re-
search Center, American Dental Association (SHA).

2.2. Characterization

The resulting coatings were examined using X-ray
diffraction (Philips, PW 1700) with a CuK,, radiation
and a scanning speed of 0.01°/s for crystalline phase
analysis. The X-ray diffractometer was equipped with
a computerized diffractogram analyser. The micro-
structure and surface morphology of the coatings, and
the interface between coating and substrate were in-
vestigated by scanning electron microscopy (SEM,
Cambridge Instruments, S-360). Bonding strength be-
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Figure 4 X-ray diffraction analysis of the starting (a) CHA, (b)
SMHA, and (c) SHA powders.

tween the coatings and substrate was determined
using an Instron tester (Model 1361).

An in-vitro experiment was conducted by immersing
the coated substrates into a simulated body fluid
(referred to as SBF), which has almost the same ion
concentration as that in human blood plasma, for 7
days at 38°C. The as-immersed coatings were then
characterized.

3. Results and discussion

3.1. Characteristics of the starting powders
The molar ratios of Ca/P for the starting CHA,
SMHA, and SHA powders were 1.66, 1.68, and 1.60,
respectively, as determined by means of an inductively
coupled plasma-atomic emissive spectrometer (ICP-
AES). Fig. 4 shows the X-ray diffraction patterns of
these powders: whereas the CHA is a highly crystalline
material (Fig. 4a), the SMHA appears to have the
poorest crystalline (Fig. 4b), i.e. it may be constructed

- by a short-range-order apatitic structure, according to

their relative diffraction intensity based on the same
diffraction parameters.

Fig. 5a to 5c illustrate the infrared analyses of the
starting CHA, SMHA, and SHA powders, respect-
ively. Infrared analysis is used because it usually re-
veals material characteristics which cannot be differ-
entiated by means of X-ray diffraction. Most of the
peaks are attributed to two kinds of vibrations [167;
three PO}~ stretching vibration modes at 960, 1040,
and 1080 cm~* and two PO3~ bending modes at 570
and 600 cm~'. The OH "~ stretching mode at around
3570 cm !, where the SMHA powder (Fig. 5b) shows
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Figure 5 Fourier transformed infrared analysis of the starting (a)
CHA, (b) SMHA, and (c) SHA powders.

a relative-sharp absorption peak (compared to the
other two powders), and a flexural mode at 630 cm !
were clearly observed. Additionally, a certain amount
of CO2~ ion was observed in each spectrum at 1400
and 872 cm ™!, where the latter absorption band is
barely visible in the SMHA powder (Fig. 5b). These
findings indicate that sufficient amounts of CO3™ ion
are present in the starting CHA and SHA apatite
structures, but are of low content only, in the SMHA
powder.

3.2. X-ray diffraction analysis of the
coatings

X-ray diffraction patterns of the plasma-sprayed coat-
ings revealed that the crystalline phases are primarily
a mixture of HA, o«-TCP and TeCP for plasma-
sprayed CHA and SHA, Fig. 6a and c, respectively.
The former coating consists of crystailine HA phase
with a small amount of impurities, nevertheless, a
sufficient amount of impurities exist in the latter one. A
mixture of HA with trace contents of tetracalcium
phosphate (Ca,P,0,) was observed for the plasma-
sprayed SMHA, Fig. 6b. The formation of Ca,P,0,
and/or a-Ca;(PQO,), phases is apparently due to phase
decomposition of the starting powders during plasma
spraying according to the reaction [11, 17]: -

Ca 4(PO,)6(OH), <= 2Cay(PO,),
+ Ca,P,0, + H,0 (1)

In fact, the a-TCP and TeCP existing in the plasma-
sprayed CHA and SMHA coatings are only in small
amounts compared to those in the SHA coating. One
possibie reason is directly related to their starting
stoichiometric Ca/P ratios [11].

The plasma-sprayed SMHA coating appeared to
provide, from the crystallographic viewpoint, a more
satisfactory coating than the others [9, 10]. However,
the actual reason why the SMHA powder yields an
almost single HA coating, in contrast to the coatings
generated from the others is not well understood.
More complete melting of the SMHA powder during
plasma spraying may have contributed, although
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Figure 6 X-ray diffraction patterns of the plasma-sprayed (a) CHA,
(b) SMHA, and (¢} SHA coatings (® TCP; ¢ TeCP).

Figure 7 Large magnification of the plasma-sprayed CHA coating
showing fine particles which were not melted during spraying.

Wolke et al. [18] believed complete melting of the
particles would result in an amorphous coating. How-
ever, after impinging against the substrate (having a
surface temperature about 150°C), the HA crystals,
having a short-range-order of apatitic arrangement,
precipitate immediately during solidification. For the
CHA coating, its highly crystalline HA phase (Fig. 6a)
may partly be attributed to the small grains within the
aggregated particles, which are not yet melted (Fig. 7)
during spraying, and result in a mostly crystalline HA
coating; however, small contents of a-TCP and TeCP
resuit.

The SMHA powder, which has the poorest crystal-
linity, may have a similar degree of melting to that of
the SHA powder due to the similarity in powder
morphology and particle size [ 11]. However, the SHA
powder produced an unsatisfactory coating; the large
deviation from stoichiometric Ca/P ratio of 1.67 may
principally be responsible. Accordingly, this suggests
that the stoichiometric Ca/P ratio and crystallinity of
the starting calcium phosphate ceramic powders play
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a key role in determining the crystallographic struc-
ture of the resulting HA coating, which may sub-
sequently affect biodegradation behaviour in-vivo [19,
20].

Upon soaking in a simulated body fluid, which has
almost the same ion concentration as that of human
blood plasma, for 7 days, the crystal structure of the
CHA and SHA coatings changed significantly, but
only little variation occurred in the SMHA coating, as
revealed by X-ray diffraction analysis, Fig. 8a to 8c.
The characteristic peaks of HA in the CHA coating
became broader and weaker in relative diffraction
intensity compared with Fig. 4a; however, they be-
came more pronounced in the SHA coating. The
Ca,P,0, phase in both coatings disappeared and the
o-TCP was also reduced. According to Skinner et al.
[21] and Newesely [22], the Ca,P,04 and o-TCP
undergo transformation by

3Ca,P,0, + H,0 — HA + 2Ca?* + 40H"
2

and
4Ca4(PO,), + 3H,0 —» HA
+ 2Ca** + 2HPOZ~ 3

The existence of the residual TCP phase, in Fig. 8(a)
and (c), suggests that reaction (3) takes place, but is less
active than reaction (2), and the increase in calcium
concentration accompanied by a decrease in phospho-
rus in the simulated fluid, listed in Table I, sub-
stantiates reaction (2). The reason for the reduction in
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Figure 8§ X-ray diffraction patterns of the plasma-sprayed (a) CHA,
(b) SMHA, and (c) SHA coatings after 7 days of immersion in
simulated body fluid (@ TCP; & TeCP).

TABLE I. Variation of calcium and phosphate ion concentration
before and after 7 days of immersion in simulated body fluid (SBF)

Materials Ca (ppm) P (ppm)
Original SBF 83 375
CHA coating 110 24.4
SMHA coating 102 20.5
SHA coating 85.4 27.7
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phosphorus is not well understood, although several
reports has shown an increase of phosphorus in the
SBF for long-period immersion [11, 18]; an apatite
deposition by reaction between the calcium and phos-
phate ions (may be provided from the surrounding
body fluid) in the close vicinity of the surface may be a
plausible explanation [23, 24].

However, there is no large change in crystal struc-
ture for the SMHA coating (Fig. 8b), although con-
siderable change in ion concentration has been ob-
served and this could be due to the occurrence of
reaction (3) (since TCP is the only impurity) together
with other unknown surface reaction(s). However,
these findings indicate that the starting SMHA pow-
der provides a stable HA coating in vitro.

3.3. Microstructure analysis
The coating surfaces, Fig. 9a to c, are relatively dense

Figure 9 Surface morphology of the plasma-sprayed (a) CHA, (b)
SMHA, and (c) SHA coatings.



Figure 10 Large magnification of Fig. 9 for the plasma-sprayed (a)
CHA, (b) SMHA, and (c) SHA coatings.

and homogeneous in appearance. There seems to be
more coarser particles in the surface of the CHA
coating than in the SMHA and SHA coatings, which
may result from easier melting of the SMHA and SHA
powders than CHA in the plasma stream. However, at
a high magnification, the coated surfaces are non-
homogeneous, Fig. 10a to c, since they consist of a
large areca of glassy surface with many randomly
distributed sphere-like particles and micropores. In
fact, plasma spraying usually causes cracks on the
coating surface, as observed in CHA coating (Fig. 9a).
This mainly resuits from the thermal expansion mis-
match between the substrate and calcium phosphate
ceramic, together with the residual stresses induced
from cooling. However, these cracks could lead to
local stress concentration and give rise to further
mechanical and physico-chemical instability of the
coatings [11]. Fortunately, no observable cracks can

Figure 11 Surface morphology of the plasma-sprayed (a) CHA, (b)
SMHA, and (c) SHA coatings after 7 days of immersion in the
simulated body fluid at 38 °C.

be found in the surface when using SMHA and SHA
powders (Fig. 9b and c). This phenomenon may be
postulated by assuming that when well-molten
calcium phosphate ceramic powders impinge against
the metal surface, it is still viscous at the very be-
ginning of cooling, and subsequently reduces the inter-
nal stresses by accommodating interfacial thermal
expansion mismatch, so that cracks are avoided.
After 7 days of incubation with SBF, a significant
difference in surface morphology of the coatings,
Fig. 11a to ¢, compared with those before immersion,
Fig. 9a to ¢, can be clearly observed, i.e. numerous
cracks and ball-like grains appeared on the surface.
The occurrence of these cracks and ball-like materials
is believed to result from diffusion and reaction be-
tween the coating surface and the SBF, e.g. reactions
(2) and (3). In fact, at large magnification, Fig. 12atoc
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Figure 12 Large magnification of Fig. 11 for the plasma-sprayed (a)
CHA, (b) SMHA, and (c) SHA coatings.

demonstrate a large number of holes, which resembles
those found in the surface of bioactive glass material
[23], and which appear to be explainable in terms of
the diffusion of ions from the coating surface to the
surrounding SBF.

The coating surfaces are likely to be relatively dense
and homogeneous in appearance. However, from the
cross-section observations, numerous pores are pre-
sent in the plasma-sprayed SHA coating (Fig. 13c)
compared with those of using the CHA and SMHA
powders (Fig. 13a and 13b, respectively). The bonding
strength between the coatings and substrate is thus
low for SHA (ie. 30 MPa) compared to CHA
(45 MPa) and SMHA (37 MPa). The SMHA coating
showed less particle packing density than that the
CHA coating; however, more details of bonding prop-
erties and subsequent in-vivo evaluation will be re-
ported elsewhere.
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Figure 13 Cross-section observation of the plasma-sprayed (a)
CHA, (b) SMHA, and (c) SHA coatings.

4. Conclusions

A chemically stable and satisfactory HA coating can
be achieved using synthesized, small-sized crystalline
hydroxyapatite powder having a short-range-order
apatitic structure, with stoichiometric ratio of 1.67.
Although the bonding strength is lower than that
when using the commercial hydroxyapatite powder, a
crack-free surface with SMHA does provide a promis-
ing feature, both biochemically and mechanically. The
SHA powder gives rise to a crack-free coating, how-
ever, the existence of an impurity phase induced by
plasma spraying restricts its potentiality for clinical
applications.
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