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Structural characterization of plasma-sprayed
hydroxylapatite coatings
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Plasma-sprayed hydroxylapatite coatings, widely used on metallic surgical implants to
improve their adhesion to bone, are formed by rapid quenching of molten, or partly molten,
particles which impact the substrate at high velocity. The performance of these coatings in
the body depends upon their structure, which is not well understood. Coatings prepared
under a range of spraying conditions have been studied by X-ray diffraction (XRD),
differential thermal analysis (DTA), thermogravimetric analysis (TGA) and solid-state
nuclear magnetic resonance spectroscopy (NMR). The results suggest that particles partly
melt and lose combined water at lower plasma torch input powers forming a glass, by
quenching of the liquid phase, and an OH-depleted hydroxylapatite residual crystalline
phase. At higher power inputs an increasing amount of P,Os is also lost and the coatings
contain CaO and Ca,P,04. Heat treatment of coatings in air at 600 °C results in crystallization
of the glass phase and reaction with water vapour to form hydroxylapatite. The results show
that XRD is relatively insensitive to some of the structural details of hydroxylapatite coatings
which may be significant to their performance. NMR provides more structural information

and is a significant tool for coating characterization.

1. Introduction
Several companies produce surgical and dental metal-
lic implants with plasma-sprayed hydroxylapatite
(HA) coating to promote bone growth and improve
the bond between the implant and bone, but details of
the procedures used for their manufacture and the
coating structures obtained tend to be covered by
commercial secrecy. Although plasma-sprayed HA
coatings have been used for some time, their structures
have not been well defined and reservations remain
concerning their effectiveness [1]. An area of particu-
lar interest is the solubility of coatings in the bodily
environment, which is apparently related to the coat-
ing structure [2-5].

Plasma sprayed ceramic coatings are formed from
a stream of molten particles produced by injecting
a powder, usually with a particle size in the range of
20-50 uym, into a high velocity, high temperature
plasma jet where they are rapidly accelerated and
melted. The coating is formed by successive impact on
the substrate of molten particles each of which spreads
to form a disc-shaped lamella a few micrometres thick
and solidifies at a cooling rate > 100 Ks™!, Under
these conditions the equilibrium phase may not be
retained and metastable crystalline or non-crystalline

products may be formed [6]. Under ideal conditions
all of the particles are completely melted and a dense
coating is produced. In practice, some partly melted
particles are also incorporated into the coating; un-
melted particles rebound from the coating as it is
deposited reducing the deposition efficiency.

The structures of plasma-sprayed coatings are
a complex function of many processing variables and
a large number of experiments is required for a com-
plete analysis. However, the major factor influencing
the extent of melting and chemical decomposition of
plasma-sprayed materials of given particle size is like-
ly to be the intensity of the temperature—time excur-
sion experienced by the particles during their passage
through the plasma jet which, in turn, is influenced
most strongly by the electrical power input to the
torch.

A number of studies of plasma-sprayed HA coatings
have shown that major structural changes are produc-
ed by the spraying process. Wolke et al. [7] observed
that coatings formed by plasma-spraying in air using
a 45 pym powder gave a X-ray diffraction (XRD) pat-
tern consistent with a mostly amorphous coating.
However, the hydroxylapatite XRD pattern was re-
covered after heat treatment in air at 600°C for 1 h.
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spraying and will be missed by the international community.
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Coatings sprayed under similar conditions but using
125 um powder consisted of a mixture of HA and an
amorphous phase. This, together with other published
information, implies that coatings containing a sub-
stantial proportion of HA can only be prepared using
larger particle size powder ( > 100 um) than that gen-
erally employed in the plasma-spraying process.
Frayssinet et al. [3] reported that the amorphous
phase content of plasma-sprayed hydroxylapatite
coatings, used by them to study in vitro solubility,
varied from 22 to 62% depending upon spraying con-
ditions. HA has the chemical composition
Ca;¢(PO,4)¢(OH), with a Ca/P ratio of 1.67. This
ratio may change during plasma spraying. A TEM
study of the structure of plasma-sprayed HA coatings
on titanium showed that they consisted of a mixture of
amorphous material and hydroxylapatite and sugges-
ted that, although Ca/P was ~ 1.5 for the crystalline
phase, it was ~ 0.8 for the amorphous phase [8].
Raman microprobe analysis of commercial plasma-
sprayed HA coatings on Ti from three sources also
showed that they contained a considerable proportion
of amorphous material [9]. A study of plasma-sprayed
HA coatings by XRD and infrared spectroscopy
showed that the HA phase observed by XRD was in
fact OH deficient and consistent with an oxy-hy-
droxylapatite (OHA) solid solution [4]. Decomposi-
tion of HA during spraying to form CaO and
Ca;P,045 has also been reported under certain condi-
tions [10].

The present paper reports an initial study of the
influence of torch power on the structural changes
which occur during the spraying of a commercial HA
powder supplied for the preparation of plasma-
sprayed coatings. X-ray diffraction (XRD), nuclear
magnetic resonance spectroscopy (NMR), differential
thermal analysis (DTA), thermogravimetric analysis
(TGA) and microscopic examination were used to
characterize coatings prepared over a wide range of
torch powers with all other processing parameters
held constant. XRD alone is not adequate to resolve
the detailed structure of the mainly disordered phases
present in HA coatings; NMR spectra were used to
provide complementary structural information since
they are sensitive to the short range interactions in the
solid. To eliminate the effects of dipolar interactions
and chemical shift anisotropy, which serve to broaden
NMR signals in the solid state, the technique of magic
angle spinning (M AS) was used in which the specimen
was rotated, at frequencies of order 10 kHz, around an
axis at an angle of cos® =32 (=54.7°) to the
magnetic field. The residual linewidths observed in
disordered materials (such as the plasma-sprayed HA)
arises from chemical shift dispersion, due to the range
of environments at the atomic sites, and cannot be
removed by sample spinning.

2. Experimental methods

Coatings were prepared using Amdry 6021 HA pow-
der with a mean particle size of 110 um. The coatings
were sprayed using a CSIRO Electronic Plasma Torch
[11] on to 25 mm diameter, 6 mm thick disc substra-
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tes arranged in a circle 250 mm diameter on support-
ing arms which were rotated at 72 rpm in front of the
torch. Specimens were cooled by an air jet impinging
on to the sprayed surface. The torch was oscillated
along a diameter of the supporting arms over a dis-
tance of 75 mm at a rate of 16 strokes per minute.
Powder was injected into the final anode region of the
torch through a 1.9 mm diameter port. A range of
torch electrical power inputs was employed (10, 15,
22.5, 35, 45 kW) with other plasma-spraying condi-
tions, as shown below, held constant:

Plasma gas (argon) flow rate 40 Imin !
Carrier gas (argon) flow rate 4 1min~!
Powder feed rate 32 gmin !
Torch-substrate distance 75 mm

The stainless steel disc substrates were prepared with
an as-ground finish to enable the coatings to be easily
stripped for subsequent characterization. Some sub-
strates were grit blasted with 60 mesh alumina to
obtain better coating adhesion. These specimens were
sectioned, polished and etched for microscopic exam-
ination. '

A sample of “in flight” sprayed powder was taken
by spraying into water at a spray distance of ~ 0.5 m
and a power level of 22.5 kW. Samples of this powder
and the original powder were examined using scann-
ing electron microscopy.

XRD examination of the coatings was carried out
using CuK, radiation. The proportion of HA present
in coatings as an amorphous phase was estimated
from the ratio of the integrated intensity of the
amorphous hump in the XRD pattern to the integ-
rated intensity of all the lines for the crystalline HA
phase. The latter was estimated by multiplying the
integrated intensity of the most intense HA (21 1) line
by the ratio of the total intensity of all of the lines in
the JCPDS file to the intensity of the (211) line,
namely, 7.27. The proportions of CaO and Ca,P,0,
were estimated from the relative intensities of the
(002) HA, (200) CaO and (04 0) Ca,P,0, lines using
calibration mixtures of HA and each of these phases.

NMR spectra for 'H and *'P were obtained with
a Bruker MSL 400 spectrometer in a nominal field of
94T. A magic angle spinning (MAS) probe with
a 4 mm rotor was used with rotation frequencies of
12 kHz for *!P and 15 kHz for 'H. 3'P/'H cross-polar-
ization (CP) spectra were taken in order to determine
the portion of the *'P spectrum coming form phos-
phorus nuclei associated with hydrogen. Ammonium
di-hydrogen phosphate was used to set the Har-
tmann/Hahn condition. Although the MAS probe had
a designed low 'H background it was still necessary to
subtract this background to obtain the 'H spectra of
the plasma-sprayed coatings. Since the spectra are
broader than for crystalline HA and the peak of 'H
signal amplitude from these specimens was lower by
a factor of the order 32 (2°) than from HA powder.

The Ca/P ratio was determined by induction
coupled plasma (ICP) atomic absorption spectro-
scopy. Combined differential thermal analysis (DTA)



and thermogravimetric analysis (TGA) was carried
out at a heating rate of 10° min~! to 1500 °C.
Samples of tetracalcium phosphate (Ca,P,0y) and
oxy-hydroxyapatite {(a dehydrated form of HA con-
sisting of a solid solution of hydroxylapatite and oxy-
apatite) were prepared for reference purposes.
Ca,P,0, was prepared by heating an equimolar mix-
ture of Ca;(PO,), and CaCOj; in a platinum crucible
in air at 1500 °C for 24 h followed by rapid cooling to
ambient temperature to avoid formation of HA by
reaction with atmospheric water vapour [12]. OHA
was prepared by heating Amdry HA powder at 900 °C
in a vacuum of 4 x 10" * Pa for 48 h. TGA in flowing
air gave a weight increase of 1.3% on heating to
1000°C at 10 K min ™!, followed by holding at this
temperature for 1 h, which implies an initial composi-
tion corresponding to Cao(PO,4)s(OH).5400.73-

3. Results

XRD showed that the original powder consisted only
of HA. Coatings consisted of crystalline HA and an
amorphous phase when sprayed at 10 or 15kW and
HA, amorphous phase and a trace of CaO and
Ca,P,0, when sprayed at a torch power of 22.5 kW.
At 35 and 45 kW, increasing proportions of CaO
and Ca,P,0, were observed (Fig.1). The phase
constitution of the coatings, estimated from XRD, is
shown in Table I. XRD also showed that heat treat-
ment at 600°C for 1h in air resulted in recrystalliz-
ation of the amorphous phase with a corresponding
increase in intensity of the HA diffraction pattern. The
deposition rates were not measured but were clearly
quite low when sprayed at 1015 kW, but satisfactory
at 22.5 kW and above.

The Ca/P ratio of coatings increased with torch
input power as shown in Fig. 2.

NMR of the original powder showed a sharp reson-
ance for 'H. This peak is considerably reduced in
intensity and subsidiary resonances appeared in the
spectra of the coatings, Fig. 3. Similar spectra were
observed for the reference OHA specimen.

The NMR 3!P spectra also showed a single sharp
resonance at ~ 2 ppm in the original powder. This
was transformed into two broad, overlapping lines
(~2ppm and 5ppm) in the coatings (Fig. 4). The
spectrum of the OHA reference showed a strong res-
onance at ~ 5 ppm together with four overlapping
lines centred at ~ 2 ppm. The spectrum of the tetra-
calcium phosphate reference showed three sharp
peaks at 3-4 ppm. The 'H-3'P cross polarization
experiments gave a slightly broadened resonance at
~ 2 ppm in the coatings but overlapping ~ 2 and
~ 4.5 ppm lines for the reference OHA (Fig. 5).

The results of the DTA/TGA annealing experi-
ments are shown in Fig. 6. A broad DTA exotherm
was observed between 400 and 700°C (peaking at
606 °C) for a specimen sprayed at 22.5 kW. Simulta-
neous TGA in flowing air showed an increase in
weight of ~ 1.5% during the exotherm.

Sieve analysis of the original powder and the sample
sprayed into water showed a decrease in mean particle
diameter had occurred in the plasma flame, from
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Figure | X-ray diffraction patterns (Cu K, radiation) of HA coat-
ings sprayed at various torch powers: (a) 10 kW; (b) 22.5kW; (c)
35kW.

TABLE I Estimated phase constitution of coatings as a function
of torch power

Torch power % Glass % HA % CaQ % Ca,P,0,
(kW)

10 24 76 - -

22.5 24 66 S 5

35 21 49 10 20

45 18 42 10 20

110 um to ~ 55 um, Fig. 7. There was no significant
weight difference between powder fed into the flame
and powder collected and therefore this decrease
could not have arisen through vaporization. Examina-
tion of the sprayed powder in the scanning electron
microscope showed many small spherical particles
that appear to have been fully melted and larger
partially melted particles. In many cases partially
melted particles showed regions where the underlying
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Figure 2 Dependence of Ca/P ratio on torch electrical power input.
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Figure 3 NMR spectra for 'H: (a) HA; (b) OHA; (c) sprayed coat-
ing at 10 kW; (d) sprayed coating at 15 kW.

solid substrate was exposed, Fig.8. A possible ex-
planation for this eightfold increase in particle number
is that the liquid layer forming on the outside of the
melting particles is stripped off by the high velocity
gas streaming over its surface. The liquid stripped
away would subsequently form spherical particles in
the gas stream.

Polished and etched transverse sections of HA coat-
ings sprayed at 22.5 kW were examined in the scann-
ing electron microscope. It was found that these coat-
ings etched very rapidly in 0.5% nitric acid to produce
strong surface relief, Fig. 9. Many circular and lenticu-
lar regions can be seen which remained unetched,
surrounded by a strongly etching matrix. The original
polishing marks can be seen on the surface of the
approximately spherical particle, ~ 20 pm diameter,
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in the centre of Fig.9b. The circular form of this
particle and the many others present suggests that
they might be the remains of much larger solid par-
ticles that were fed into the plasma flame. Polished
sections of coatings that had been annealed at 600 °C
showed quite different structure and etching behav-
iour with the formation of only light surface relief.
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Figure 7 Particle size distribution of as received (E3) and as sprayed
() HA powder.

Figure 8 Partially melted HA powder particles collected by spray-
ing into water.

Figure 9 Scanning electron micrographs of an etched cross-section
of a sprayed coating {etched 7 s in 0.5% HNO;).

4. Discussion

Any consideration of the microstructure of plasma-
sprayed materials requires background knowledge of
the appropriate phase equilibria. The equilibrium
phase diagram for the system CaO-P,0;-H,O
shows that hydroxylapatite (Ca,o(PO4)¢(OH),)
undergoes incongruent melting, and decomposes at
high temperature (T} to a mixture of Caz(PO,),,
Ca,P,0, and water, Fig. 10. T, depends upon the
partial pressure of H,O increasing from ~ 1325°C to
~ 1550°C as the water partial pressure is increased
from 6.7 x 102 to 1.33 x 10* Pa; the melting point of
the mixture of Cay(PQ,), and Ca,P,04 formed by
decomposition of HA is ~ 1570°C [13].

[t has been shown that the HA crystal structure may
be retained if water is partly removed to form a solid
solution of hydroxylapatite and oxy-apatite
(Ca;(PO,4)60), the range of composition in “equilib-
rium” studies [14] being given by:

Ca,o(PO,)s(OH), - ,,0, 00, wherex > 0.75,

O = vacancy
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Figure 10 CaO-P,05 phase equilibria under a partial pressure of
water of p(H,0) = 500 mm (after Riboud [13]).

that is, 75% of the water may be lost whilst retaining
the HA crystal structure. The differences in lattice
parameter between hydroxylapatite and oxyapatite
are reported to be small [15] so that structural cha-
nges arising from loss of water are not obvious from
XRD patterns. OH depleted HA has been shown to be
very reactive, absorbing H,O at ~ 600°C even in
a vacuum of 1.33 x 10~ 2 Pa [14].

Decomposition of HA takes place slowly at temper-
atures around 1300°C [13] so that there is the possi-
bility that it melts in a metastable manner without
water loss during plasma spraying where the time
required to heat to the vicinity of the melting point is
only milliseconds. However, increasing loss of H,O
and P,0O; from the molten droplets might be expected
as the temperature—time regime is increased.

The present XRD results and microscopic evidence
suggest that a large proportion of the particles do not
melt completely at lower torch powers and the spray
plume consists of these partially melted particles and
a large number of small fully melted particles. The
liquid phase subsequently solidifies to a glass on im-
pact giving a microstructure consisting of HA crystals
dispersed in glass.

The DTA results showed that there is a liberation of
heat between 400 and 700 °C which may be ascribed to
recrystallization of the glassy phase. The increase in
weight of 1.5% observed in the TGA experiments in
this temperature range may be interpreted as recovery
of water lost during the spraying process. The magni-
tude of this increase suggests that both the crystalline
phase and the glass have become heavily dehyd-
roxylated. Full dehydration corresponds to a weight
loss of 1.79% while 0.75 dehydration, the maximum
sustainable in OHA solid solution [14], corresponds
to 1.34% weight loss.
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The increasing proportion of CaO and Ca,P,0q
observed with increasing torch power input suggests
that P,Ojs is also lost from the powder during spray-
ing at higher torch power (higher temperature-time
input to the particles). This was confirmed by the
changes in Ca/P observed as a function of torch power
(Fig. 2). The values of Ca/P observed are consistent
with the phase constitution inferred from XRD,
Table L.

More specific information regarding the structure of
the sprayed coatings and the reference materials can
be obtained from the NMR spectra because of the
much greater sensitivity of this technique to short-
range interactions compared to XRD. In particular,
the 'H spectra provide information on the position
and environment of the hydroxyl groups and the 3'P
spectra on the position of the (PO, ) tetrahedra.

The sharp peak observed for 'H in the original HA
powder and, at much smaller intensity in the sprayed
coatings (Fig. 3), is consistent with previously reported
data and arises from linear chains of structurally
equivalent OH parallel to the c-axis of the HA unit cell
[16]. Loss of water gives an hydroxylapatite-oxyapa-
tite solid solution in which the chains of OH are
replaced by chains of OH, O?~ and vacancies. Com-
parison of the coating spectra with the reference OHA
spectra suggest that the additional peaks observed in
the coatings arise from this structural change.

There are four features common to the 'H spectra
of OHA and the plasma-sprayed specimens, namely
peaks at approximately 7.5, 4.6,2.4and — 1 ppm. The
peak near — 1 ppm is presumably from regions of the
specimen closely approximating crystalline HA. It is
difficult to assign unambiguously the other peaks,
although it is possible that the peak at 4.6 ppm is due
to surface absorbed water.

A broad peak was not observed, as to be expected if
OH was present in the glass phase; the relatively sharp
'H/3!P cross polarization lines for coatings also show
that OH is only present in part of the crystalline
component of the coatings and not in the glass. The
basic similarity of all the *H features, taken in con-
junction with the similarity of the *'P spectra, as
discussed below, suggests that OHA is a good overall
model for plasma-sprayed HA.

The 3!'P spectra of the HA powder show a sharp
resonance at + 2 ppm, Fig. 4. This is consistent with
previous data and corresponds to (PO,)®~ in well
defined equivalent positions in the HA crystal [17].
The 3'P spectrum of tetracalcium phosphate (C,P)
consisted of three sharp lines, one of which was ap-
proximately twice the intensity of the other two. Since
the crystal structure [18] indicates four inequivalent
P sites per unit cell the strongest peak presumably is
a superposition of the resonances from two of these
sites with accidental equivalent shifts.

The spectra for the coatings, on the other hand,
show a broadened line centred on that observed for
HA powder plus an additional broad line of lower
intensity at ~ 5 ppm. The relative intensities of the
two lines also varied with torch power. At high
torch power there is a suggestion of splitting of the
more intense line. This may arise from a combined



(unresolved) peak due to the presence of disordered
C,P, together with a second component correspond-
ing to disordered HA.

Condensed phosphates are based on PO, tetrahed-
ral units in which phosphorous atoms form five bonds
to four surrounding oxygen atoms. The oxygen atoms
are either bridging, that is, they form linkages between
phosphorous atoms, or terminal, that is, they bond to
one phosphorous atom only. This leads to four types
of PO, units in MO-P,04 phosphate systems; (1)
branching units with three bridging oxygens and elec-
trically neutral, (ii) middle units, with two bridging
oxygens and a negative charge, (iii) end units with one
bridging oxygen and a charge of — 2, and (iv) mono-
meric units with a charge of — 3 [19]. Broadened
MAS NMR lines from these distinct units have been
clearly resolved in binary phosphate glasses. Charge
considerations, however, indicate that only mono-
meric (PO,)*~ would be expected around the HA
composition. The *'P spectrum for the OHA reference
shows two major resonances at ~ 5Sppm and

~ 2 ppm, although the latter consists of at least four

overlapping lines, indicating two predominant phos-
phorous environments. Two types of environment for
phosphate ions in HA coatings have also been inferred
from infrared spectroscopy [4]. An additional peak
reported in the Raman spectrum of coatings, but not
observed in crystalline HA [9], may also arise from
a similar effect.

The structural difference between HA and OHA is
that the linear chains of OH ™! in HA are replaced by
chains of O, OH ! and vacancies suggesting that
the two lines observed in OHA may be associated with
different distortions of (PO,)*~ units depending upon
their positions relative to the ions in the central chains.
The coatings spectra also show two major resonances
at ~ 2 and 5 ppm although they are broader indicat-
ing higher structural disorder, partly reflecting the
presence of a significant proportion of glass, and the
relative intensity of the 5 ppm line is lower than the
reference OHA. It must, however, be noted that the
OHA phase in the coatings has been formed by rapid
quenching from high temperature whereas the refer-
ence OHA was prepared by slow cooling from a lower
temperature and it may therefore have a more ordered
distribution of the cations and vacancies in the central
channels of the unit cell.

The structure of HA coatings prepared by plasma
spraying will be related to the thermal cycle experi-
enced by the individual particles in the spray stream.
The cycles are not identical for all particles at fixed
processing conditions (electrical power input, plasma
gas type and flow rate, powder injection conditions,
torch substrate distance) because of differences in par-
ticle diameter and particle trajectory through the
plasma jet. The present experiments have shown that
with a relatively large starting particle size particle
multiplication occurs in the plasma flame apparently
by ablation of the liquid layer on the surface of melting
particles. This creates a large flux of small fully melted
particles.

The final structure of individual particles is deter-
mined by rapid quenching on impact. It has been

shown that both plasma-sprayed Ca;(PO,), and
Ca,P,0, coatings are completely crystalline [20] but
the present and previous studies suggest that plasma-
sprayed HA forms a CaO-P,0 glass if the particles
are completely melted. Most if not all, of the water is
lost from completely molten particles so the presence
of water in molten particles cannot be the reason
for formation of a glass on quenching. The most
likely explanation is the well-known tendency to
form amorphous phases on rapid solidification
of liquids with compositions in the vicinity of a
eutectic [21]. The remaining unmelted particles lose
some of the combined water in flight and become
incorporated into the coating in a solid form retain-
ing a high—temperature OHA structure. The size
of these unmelted regions is quite small, 20—30 pm,
compared with the initial HA particle size of
~ 110 pm.

XRD revealed the presence of a significant propor-
tion of Ca,P,0, in coatings sprayed at high torch
power. Under these higher temperature—time regimes
melted regions also lose P,O5 and CaO is formed in
the droplets, probably at the particle surface. Rapid
cooling of the liquid phase results in crystallization of
CaysP,0, from liquid with Ca/P = 2, and glass from
liquid with Ca/P between 1.67 and some critical
value < 2.

These results support the view that the coatings
consist of a mixture of CaO-P,0; glass and a crystal-
line phase based on OHA. Further work is necessary
to determine the coating structures in more detail and
to determine whether OHA behaves differently to HA
in the bodily environment.

5. Conclusions

Relatively large particle size HA powders ( ~ 100 um)
are partly melted and lose water during plasma spray-
ing at low torch power ( < ~ 20 kW) giving coatings
which consist of a mixture of CaO-P,05 glass, for-
med by quenching of the liquid phase, and OH-defi-
cient OHA from the residual solid phase. Heat treat-
ment in air at 600 °C results in reaction with traces of
water vapour, and crystallization of the glass to form
HA. At higher torch powers P,Os is also lost and the
coatings contain CaO and Ca,P,04. NMR shows
promise as a tool to study the structure of plasma-—
sprayed HA coatings but further work is necessary to
elucidate some of the structural details.
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