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Abstract: Thermally processed hydroxyapetite coatings
used on dentd implants and hip prostheses for enhanced
fixation may typicdly condst d a number d chemicd and
sructural phases. These phases dfect coating performance
and tissue attachment. Hydroxyapatite was plasma orayed
to examine the phase evol ution during processing. Coatings
were examined with X-ray diffraction and dementd analy-
ds. Reallts indicate that phase trandformations are pro-
duced by (@) preferentid remova o hydroxyl and phos
ate leading to a change in mdt compodtion, and (b) the
igh codling rate due to the thermd spray process. Hy-
droxyl group remova promotes the amorphous phase and
oxyapatite. Further hegting producesa less viscous mdt fa

cilitating decompodtion d hydroxyapatiteto tricciumand
tetracdcdum phosphate. Phosphate removd during flight
produces a more cacium-rich mdt preferring tetracacium
phosphate and cadum oxide formation. A proposed modd
shows the phase location within the lamdlae d these coat-
ings. Codting processes mugt thus prevent remova of hy-
droxide and phosphate during processing to maximize the
hydroxyapatite content. © 1998 John Wiley & Sons, Inc. |
Biomed Mater Xes, 39, 580-587, 1998.
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INTRODUCTION

Hydroxyapatite has been recognized for itsbiocom-
patibility and usefulness in promoting biointegration
for implants in osseous and soft tissue. The range o
applicationscover diversity such as microbial sealsin
middle-ear implants, orbital implants for artificial
eyes,! percutaneous devices for drug delivery,® aug-
mentationin maxillofacial surgery®or increasing bone
depth in mandibles  coatings on cylindrical posts for
dental implants,® and artificial ears and coated stems
for hip prostheses.® The wide application in the body
signifiesits importance as a biomaterial.

The function o implants is dependent upon the
manufacture route chosen for fabrication. Most tech-
niques used in industry for the preparation d hy-
droxyapatite employ aheat source for consolidation of
powder to a sintered monolith or a coating. Coating
technologieswhich have been used in the laboratory
setting include pulsed laser deposition,” magnetron
sputtering,® and thermal spraying. Plasmaspraying is
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widely used for manufacturing hydroxyapatite coat-
ings on titanium or Co-Cr-based alloy implantsin in-
dustry. The main emphasisin this report is placed on
thermal spraying with referenceto the other methods.

Preparation of hydroxyapatite coatings is con-
fronted with a multitude o phase changes that occur
at high temperatures. Material injected into a plasma
may be heated to several thousand degrees centigrade
and propelled at high speeds to the substrate to form
a coating. These extreme heating and cooling condi-
tions can produce metastable phases as a result o
rapid cooling from a high temperature. Hydroxyapa-
tite coatings can be accompanied with oxyapatite, tet-
racalcium phosphate, tricalcium phosphate, calcium
oxide, and the amorphous phase. The complexity o
coating manufacture results from the rich thermal
chemistry and, therefore, technological progressis of-
ten delayed since manufacturing methods are com-
mercial secrets.

The solubility and ability to bond to osseous tissue
depends on the crystal phase. Tetracal cium phosphate
dissolves quickly® and calcium oxide reactsrapidly in
agueous environments. Dissolution increases in the
order d hydroxyapatite, tetracalcium phosphate, tri-
calcium phosphate, and the amorphous phase.’® A
stable coating can be produced by minimizing the
more solubie phases so that biointegrationcan become
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established on the hydroxyapatite. The reliable manu-
facture of hydroxyapatite requires good process con-
trol to be able to predict in vivo coating performance.
This article discusses the phase transformations that
can be formed from plasma spraying hydroxyapatite
based on the phases that have been determined by
X-ray diffraction.

Equilibrium phase diagram
includinghydroxyapatite

The phase composition o the coating formed by
plasmaspraying dependson the thermal history o the
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hydroxyapatite powder asit passes through theflame.
An equilibrium phase diagram"" can be used asafirst
step in predicting the phases that could form upon
solidification. The region o interest shaded in Figure
1(b) isbounded by two stoichiometriccompounds: tet-
racalcium phosphate (with a chemical formula of
Ca,P,0,, designated as “C,P”) and tricalcium phos-
phate [with a chemical formula d Ca,(PO,),, desig-
nated as “C;P”’]. At zero partial water pressure, hy-
droxyapatite {Ca;q(PO,4)s(OH),] is not expected to
form [Fig. 1(a)]. A combination d tetracalcium phos-
phate and tricalcium phosphate will exist at high tem-
peratures and will remain at a constant phase compo-
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Figuredl Phasediagram illustrating the (a) phasesat 0 mm Hg, (b) phasesat 500 mm Hg, (c) smplified illustration d the
high-temperature region, and (d) effect  partial water pressure on the stability field o the calcium phosphate phases."" The
light gray regionsin (b) and (c) refer to the additional phases surrounding the hydroxyapatite phase. The dark gray region
in (b) and (c) represents the two phase, C,P and C,P region, and the shaded region indicated in (d) shows the phase
dependence d C;P and C,P on the partial water vapor pressure.
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sition down tolow temperatures. Only thestructure of
tricalcium phosphate will change upon cooling. The
high temperature polymorph of tricalcium phosphate
(a,-C5P) will not form on quenching®? but will change
to B-TCP under slow cooling conditions or a meta-
stable a-type of C;P™ when subject to faster cooling.

If the partial water pressure issufficiently high, hy-
droxyapatite is introduced as a stable stoichiometric
compound with a composition of 55 wt % CaO. The
number of phase regions around the hydroxyapatite
compositionincrease and areindicated withlight gray
shading. At a partial water vapor pressure of 500 mm
Hg, hydroxyapatite is stable up to about 20°C below
the melting temperature [Fig. 1(b)]. The temperature
range of the two-phase regionincreases to a maximum
range of 75°C when the partial water pressure de-
creases to 100 mm Hg.

The thermal chemistry is complex at submelting
temperatures; thus, the relevant area indicated by
dark gray shadingisexpanded for clarity [Fig. 1(c)]. If
a calcium phosphate is heated to follow the arrow in
Figure 1(c), the two-phase region would, be encoun-
tered before eutectic melting. This is also shown in
Figure 1(d) to indicate the effect of the water vapor
pressure. Increasing water vapor pressure will de-
crease the temperature range of the two-phase region.
Heating of hydroxyapatite with a water vapor pres-
sure higher than 900 mm H g avoids decomposition,
and melting occurs.

MATERIALSAND METHODS
Coating preparation

A Metro 3VIB plasma spray torch with a GH nozzle was
used to spray 5-40 pm spherical hydroxyapatite powder.
Powder was injected external to the gun and perpendicular
to the plasma flow. The torch was operated at different
power levels with argon as the primary plasma gas and
nitrogen added to increase the plasma enthal py. Where the
power level is not indicated, the argon flow was changed
with the torch at 18 kW. This alowed determination d the
processing condition influence on the phase content o the
coatings. Prior to spraying, substrateswere grit blasted with
40-mesh SiC powder.
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The feedstock powder was characterized by thermal
analysis and X-ray diffraction. Differential thermal analysis
(DTA) was performed along with the thermal gravimetric
anaysis (TGA).Thisenabled changesinweight of the 20-mg
sampl e to be correlated with reactions observed in the DTA
trace. The powder sample was heated at 5°C/min t0 1400°C
in static air. The variability in the signal was 0.25 wt % for
TGA and approximately 5.7 x 1072wV /g for DTA. X-ray
diffraction examination was carried out with Cu Ke, radia-
tion d A = 1.54 A. The goniometer was set at a scan rate of
0.01°/s over a 26 range o 20°-60°.

The extent o hydroxyapatite decomposition was exam-
ined by determining the Ca/P ratio o the coatings after
removal from the substrate. Tablel illustrates the Ca/P mo-
lar ratio for the decomposition of known crystalline calcium
phosphate phases. The calcium and phosphorus concentra-
tions were determined with X-ray fluorescence and com-
pared to the hydroxyapatite powder used for spraying. De-
composition phases were ascertained using X-ray diffraction
on the as-sprayed coating surface.

A coating was sectioned and the cross section mounted in
an epoxy resin. It was then polished to reved the phase
structure d the coating. Observation o the microstructure
was performed with a light microscope.

RESULTS AND DISCUSSION
Phase formation in thermal spraying

Rapid heating of hydroxyapatite particles to a mol-
ten condition and subsequent deposition in plasma
spraying mainly produces hydroxyapatite (Fig. 2).
Thisimpliesthat the cooling rateissufficiently high to
suppress short-range diffusion necessary for trical-
cium phosphate and tetracalcium phosphate forma-
tion, as can be expected from the two-phase region
beneath the eutectic point. Undercooling of approxi-
mately 0.2 of the melting temperature (T,,) can also
take place during the higher cooling rates in splat
cooling.* The solidification temperature of a melt
with the composition of hydroxyapatite with such an
undercooling would be lowered from 1570°C to
1200°C, which is sufficient to lower the solidification
temperature beneath the two-phase region, C;P and
C,P, allowing hydroxyapatiteto form. Thelack of dif-

TABLE |
Calcium-Containing Compounds in Calcium Phosphate System
Cdcium phosphate Chemica Formula Ca/P Ratio JCPDSNo.

Cacium pyrophosphate Ca,P,0, 2Ca0 - P,05 1 2-647
Tricacium phosphate a-Cay(PO,), 3Ca0 - P,05 15 9-348
Hydroxyapatite Ca,o(PO,)(OH), 10Ca0 - 3P,05 * H,0 167 9432
Oxyapatite Cayo(PO,)sO 10Ca0. 3P,0; 167

Tetraca cium phosphate Ca,P,0q4 4Ca0 - P05 2 25-1137
Cdcium oxide CaO CaO - 4-777
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Figure2 X-ray diffraction spectrad hydroxyapatite coatings produced at (a) increasing plasma gasflow rate. The amount
d the amorphous phase, hydroxyapatite, and oxyapatiteis shown in (b).

fusionand the undercoolingin the rapidly cooled par-
ticles thus encourage hydroxyapatite to form.

An amorphous phase is also detected in hydroxy-
apatite coatings (Fig. 2). Thisisidentified as a broad
hump in the X-ray diffraction spectra (produced with
CuKa radiation) centered at about 31° and dlightly
elevated from the background [Fig. 2(a), bottom pat-
tern]. The amount o amorphous phase formed is de-
pendent upon the cooling rate,® which may be modi-
fied according to the substrate or coating tempera-
ture.® A more fluid particle will spread to a greater
degree to produce higher heat withdrawal ratesfrom
the impacted droplet (i.e., higher cooling rate) pre-
venting crystallization d the complex structure d hy-
droxyapatite.

The hydroxide content d the molten particle before
impact is aso important. Hydroxyapatite feedstock
powder may be hydroxyl deficient initially or may
undergo removal from heating in the plasma. Thermal
anaysis d the feedstock powder used in this experi-
ment (Fig. 3) illustrates a dow exothermic response
weight gain up to about 1000°C arising from moisture
uptake into thelattice. Further heating above thistem-
perature produces dehydroxylationwhich requiresan
input o energy, and hence, endothermic behavior in
the DTA curve coupled with aweight lossin the TGA
curve. In a thermal source such as a plasma, the fast
heating and high temperatures attained in this process
will cause hydroxyl removal. The lower driving force
for crystalizationd the hydroxyl-depleted regionsin
the molten droplet further promotes amorphous
phase formation. Avoiding the amorphous phase for-
mation is difficult and is possible only by ensuring
low hydroxyl loss or a sufficiently high substrate tem-
perature. The temperature for crystallization d hy-
droxyl depleted regionsis higher than regionsd stoi-

chiometric hydroxyapatite and requiresa temperature
d 700°C.

Some hydroxyl-deficient regionswhich do not form
the amorphous phase will undergo crystalization to
oxyapatite. This can be identified in an X-ray diffrac-
tion pattern. The c-axisd the unit cdl o oxyapatiteis
dightly larger than hydroxyapatite, producing peak
splitting on those planes with a component in the c-
axisdirection. The small crystal size and the large de-
fect concentration from the fast cooling produce a
broadening in the peaks making phase detection dif-
ficult. Focusing on the (004) peak at the large-angle
regime d the X-ray .diffraction pattern where peak
separation is more evident, a shoulder is observed on
theleft side d the peak at 53.1° [Fig. 2(a)]. The coating
was produced without a secondary gas to remove the
contribution d added enthalpy. Increase in plasma
gasflow rate transports the droplet at a higher speed,
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Figure3. Anaysisd hydroxyapatitepowder with thermal
gravimetricanalysisand differential thermal analysisin an
aluminacrucibleand staticair.
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and so more d the hydroxy! depleted regionsare con-
sumed in the amorphous phase as opposed to forming
oxyapatite. This interplay d oxyapatite and amor-
phous content [Fig. 2(b)] is solely dependent upon the
cooling rate. Hydroxyapatite is less sensitive to the
cooling rate.

A small amount d tricalcium phosphate is often
associated with crystalline hydroxyapatite [Fig. 2(a)].
This can be explained with reference to the equilib-
rium phase diagram [Fig. 1(b)]. Hydroxyapatitehas a
hypereutectic composition, slightly phosphate rich
compared to the eutectic point (-57 wt % CaO). The
phases at melting under equilibrium conditionsthus
consigt  tricalcium phosphate and a liquid with eu-
tectic composition. Cooling produces primary trical-
cium phosphate until the remaining liquid solidifies.
The smal amount o tricalcium phosphate accompa:
nying hydroxyapatiteisacharacteristicd the materia
system and has been incorporated into the standards
controlling the coating quality.*’

Phases produced by decomposition
and vaporization

As the power level 0 the torch increased to supply
more heat to the injected particles, the CaO phase ap-
peared. Thisis not obviousfrom the phases predicted
in the equilibrium diagram.

The rise in the Ca/P molar ratio o coatings pro-
duced at increasing power levels (Tablell) signified a
change in chemistry during spraying which could be
related to additional phases. Vaporizationd powders
injected into the plasma®® can produce preferential re-
moval. For example, carbon remova from tungsten
carbides'>? and copper removal from YBa,Cu;0,.
superconductors® has been reported in thermal
sprayed coatings. Heating d calcium phosphates for
study d phases® or during rf-sputtering® preferen-
tidly removes the phosphate group. Plasma spraying
d hydroxyapatite also preferentially removes the
lower melting point component, with the amount de-
pending upon the heat transfer. The change in chem-
istry occurs on the outside d the molten particle
where the heating conditionsare the most intenseand
phosphateremoval iseasiest. A 4.4 wt % changein the
phosphate content is sufficient to provide a composi-

TABLE 11
Influence of Power Level on Decomposition of
Hydroxyapatite to Crystalline Phases

Power leve

(kW) 18 24 30 36
Ca/P molar

ratio 167 1.69 1.75 2.03
Phases HAp, C;P | HAp, C;P | HAp, C,;P, C,P, CaO

GROSSAND BERNDT

tion shift into the adjacent phase field [Fig. 1(b)] nec-
essary for the formation d calcium oxide (CaO) and
C,P. The amount d these phases depends upon the
extent d heat transfer and is dictated by the particle
size, particle velocity, and locationwithin the flame o
traversing particles.

Wang et al.** reported an increasein Ca/P ratio o
plasma-sprayed coatings by employing different sec-
ondary gases, but found a smaller increase (from 1.69
t01.85). Thisisbelieved to bedueto thelarger particle
size used inthat study. Resultsdf McPherson et al.Z in
which a larger particle size distribution was used for
spraying, agree with the present research results.

This study shows tricalcium phosphate coexisting
with hydroxyapatite, an amorphous phase and per-
haps oxyapatite at low power levels(i.e., 18 kW) (Fig.
4). The presence d tetracalcium phosphate at higher
levels(i.e., 24 kW) isnot as obvious, owing toasmaller
amount on decomposition (Eq. 1), but at higher power
levels, the concentration is supplemented by the for-
mation o both C,P and CaO. The small particle size
and the dehydroxylatedstate d the powder promoted
decomposition. Ellies et al.?® reported both C;P and
CaO as decomposition phases, but failure to locate
C,P could have been due to overlapping with hy-
droxyapatite peaks. The overlapping d peaks from
the various calcium phosphates and CaO isshownin
Figure 5. Yang et al.?’ conducted a parameter study
and found the influenced power level and stand-off
distance on the amount d HAp, C;P, C,P, and CaO.
Knepper®® also examined the decomposition products

source powder

20 22 24 26 28 30 32 34 36 38 40
Two theta (deg)

Figure 4. Decomposition phases of hydroxyapatite after
plasma spraying at incremental power levels. The main
peaks o hydroxyapatite, a-tricalcium phosphate, tetracal-
cium phosphate, and calcium oxide are shown. The pattern
o the starting powder is given for comparison. The amor-
phous phase is shown as the rise above the background
indicated as a dotted line. Oxyapatite is not indicated.
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Figure 5. Overlapping of the main crystalline phases
within hydroxyapatite coatings. The amorphous phase has
been removed by heat treatment.

in vacuum plasma spraying and found a higher de-
composition at lower pressures.

HAp - 2C,P + C,P + 2H,0 M

Model for phase formationin
hydr oxyapatite coatings

The presence o hydroxyapatite, the amorphous
phase, oxyapatite, tricalcium phosphate, tetracalcium
phosphate, and calcia has been shown, but the loca
tion within the lamellae has not been discussed. A
mode! presented by Khor and Cheang,?® in which the
outside skin o a particle is molten and the core is
unmolten, depicts only one possibility in which insuf-
ficient heat is transferred to melt the particle com-
pletely. Thismodel must be modified to a totally mol-
ten hydroxyl-rich core (with the stoichiometry o hy-
droxyapatite) with further changes depending on the
heat transfer to the particle. A more heat-affected par-
ticle volume will be indicated as a shell; however, it
should be stressed that under intense heating condi-
tions, the changes could also apply to the core o the
particle.

The first condition depicts a molten droplet with a
hydroxyl-depleted skin. The center containing the hy-
droxyl-rich molten material will crystallize upon de-
position to form hydroxyapatite. The dehydroxylated
region, which comes into contact with the substrate
upon droplet spreading, will form the amorphous
phase, but the area distant from the substrate will
crystallize to form oxyapatite. Oxyapatite requires
smaller atomic rearrangements to occur for crystalli-
zation from a viscous melt, and therefore crystallizes
in preference to tricalcium phosphate and tetracal-
cium phosphate. Growth d the apatite which begins
as hydroxyapatite in the hydroxyl-rich core will thus
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change to oxyapatite in response to the depleted hy-
droxyl concentration at the top of the lamellae. Thisis
shown in Figure 6, case (i). If the molten particleflat-
tens to an extent where the cooling rate is increased,
then the entire particle becomes amorphous. Primary
tricalcium phosphate is not shown.

The proposed model can be extended to incorporate
other phases observed at higher heating conditions.
Tricalcium phosphate and tetracal cium phosphate are
observed in greater quantities when a higher heat
transfer to the particle prevails. If the heat dissipation
isslow through the already-solidified amorphousand
crystalline layers o the coating, tricalcium phosphate
and tetracalcium phosphate can be nucleated at the
top surface o the lamellae [Fig. 6, case (ii)]. The
growth o tricalcium phosphate and tetracalcium
phosphate may delay the growth o oxyapatite with
the latent heat o fusion. With a high level o dehy-
droxylation in the molten particle, less hydroxyapa-
tite, and hence, less oxyapatite, will form, and so the
large volume o dehydroxylated material will then
mostly contain trical cium phosphate and tetracalcium
phosphate. The growth mechanism may begin within
the droplet, sinceamorefluid droplet facilitatesfaster
diffusion.

PROCESS MICROSTRUCTURE

(i) Higher than the mdtingtemperature

(ii) Very high temperature
-0

(iii) Extremey high temperature
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Figure 6. A proposed model for phase formation in
plasma-sprayed hydroxyapatite coatings. The process stage
depicts the various melt chemistriesas afunctiond particle
temperature. Themicrostructure depictsthedifferent phases
that can be formed in a lamellae.



586

Cacium oxide is observed when higher heating
conditions are employed. In addition to being hy-
droxyl deficient, the outer shell o the molten particle
aso becomes phosphate deficient [Fig. 6, case (iii)
(processstage)]. Loss o one P,O5 from the unit cdl
shifts the composition from 56.8 wt % CaO for hy-
droxyapatite to 66.4 wt %, which consists o a two-
phase field containing calcium oxide and tetracalcium
phosphate [Fig. 1(b)]. Given a significant P,O5 loss,
calciumoxidewill readily crystallizetogether with tet-
racalcium phosphate. Calcium oxide is very reactive
with water and is not desired in hydroxyapatite coat-
ings for implants or prostheses.

The situation o distinct chemical regionsd a fixed
thickness within the droplet and uniformly thick la
mellag, as shown in the model, rarely occurs in prac-
tice. Particleswill experiencenonuniform heat transfer
during flight and may be partially or totally molten.
For example, angular particleswill experience higher
dehydroxylation and more phosphate removal from
more heat transfer. Droplets with a depleted phos-
phate content can then deposit and may form an
amorphous phase.*

The molten particleis subjected to splashing on the
substrate, leading to satellitedropletswhich consist o
phases dictated by the composition and cooling con-
ditions. Furthermore, a molten particlewill experience
relative motion with the underlying surface produced
by rough surfaces or substrates positioned at angles
other than the perpendicular to the spray stream. The
relative motion will displace these compositional re-
gionsand could lead to flow o the morefluid hydrox-
ylated liquid® from the core onto the substrate. These
areaswill consequently produce the amorphous phase
in place d tricacium phosphate and tetracalcium
phosphate, as indicated in Figure 6, case (iii). Simi-
larly, the other compositional regions may be dis-
placed depending upon the forces at impact with the
substrate and the viscosity o the liquids.

Figure 7 shows the amorphous areas as regions o
darker appearance more predominant at the substrate.
The lighter areas correspond to the crystalline phase.
Few techniquesare available to examine the location
d the different phases within the microstructure.
Transmission electron microscopy offers one possibil-
ity, but the examination o oxyapatite is not possible
owing to dehydroxylation.*?

Standards for hydroxyapatite coatings restrict the
phases within coatings and correspond to conditions
d low heat transfer. A concentrationd 5wt % C5P is
permitted with ahigh crystallinephase content within
the coating. This combination d phases can be ob-
tained with a large particle-sized powder sprayed at
low heat inputs. The starting powder should be stoi-
chiometric hydroxyapatite, and therefore not be heat
treated in a vacuum furnace. By providing a more
uniform phase compositionin the coating, the coating

GROSS AND BERNDT
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ChyStalline
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Figure 7 A polished cross section o a hydroxyapatite
coating exhibiting the amorphous phase (dark gray) and
crystalline phases (light gray). The white area to the far left
represents the substrate. The magnification bar is 50 pm
wide.

degradation will be minimized and bone tissuewill be
able to biointegrate with a hydroxyapatite coating.

CONCLUSIONS

Thefunctionality o plasma-sprayed hydroxyapatite
depends on the structure and the chemical composi-
tion d phases within the coating. Thus, since the pre-
sent work indicates that the phases can be altered by
the processing conditions, thereistheability to control
theinvitro response d these implants.

Theauthorsare grateful for the X-ray fluorescence studies
conducted by Dr. H. Wang d Sherritt Gordon, Inc.
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