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Abstract: The amorphous phase content of air plasma- 
sprayed hydroxyapatite coatings is dependent upon spray- 
ing and deposition conditions. X-ray diffraction and optical 
microscopy were used to investigate the influence of spray 
parameters on the formation of the amorphous phase. Re- 
sults show three factors which most influence the formation 
of the amorphous phase: dehydroxylation of the molten par- 
ticle during flight, the cooling rate as it impinges onto the 
metal substrate, and the substrate temperature. Crystalline 
regions were identified as unmelted particles and elongated 
recrystallized areas. Amorphous phase regions vary 

throughout the coating but are more commonly found at the 
coating-substrate interface, i.e., the regions decrease toward 
the surface of the coating. Such an inhomogeneous distribu- 
tion of phase content is expected to affect the clinical process 
of bone deposition, and therefore successful implant fixa- 
tion. O 1998 John Wiley & Sons, Inc. J Biomed Mater Res, 39, 
407414,1998. 
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INTRODUCTION 

Hydroxyapatite coatings have received a mixed re- 
action within the orthopedic and dental communities.' 
The variability in success of hydroxyapatite coatings 
has caused the U.S. Food and Drug Agency to place 
tighter restrictions on the requirements for hydroxy- 
apatite coatings. This is in part due to coating vendors 
producing coatings ranging from 25 to 200 pm;-4 but 
more important, with different amounts of the amor- 
phous phase.F7 

Atmospheric plasma spraying is becoming the main 
process of the thermal spray methods and is com- 
monly used to apply hydroxyapatite to dental im- 
plants and orthopedic prostheses. Powder is injected 
into the plasma flame and accelerated to about 200 
m/s before impacting the substrate.8g9 These high- 
impact velocities supply kinetic energy which is ex- 
pended in spreading the molten droplet and creating 
lamellae with a large surface area. The large contact 
area with the substrate associated with the lamellae 
facilitates rapid heat transfer which may be sufficient 
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to form the amorphous phase. The rapid solidification 
arising from the high cooling rates in plasma spraying 
has produced amorphous phases from pure ceramics 
such as alumina," eutectic compositions of ceramic 
components such.. as alumina-zirconia," and iron 
based alloys12 or cobalt-tungsten-carbon.13 

Various intrinsic factors could be responsible for the 
formation of the amorphous phase. The two most im- 
portant factors which determine the glass forming 
abilities of a material are the viscosity and the increase 
in viscosity with decreasing temperature.14 The phase 
diagram CaO-P205 exhibits numerous eutectic 
points,15 one of which lies very close to the composi- 
tion of hydroxyapatite. This infers that the cooling of a 
hydroxyapatite melt produces a "liquidus tempera- 
ture effect" enabling the liquid to cool to lower tem- 
peratures before solidification, and increasing the like- 
lihood of producing an amorphous phase. The glass 
formation tendency is further accentuated by the com- 
position and complexity of the crystal structure of hy- 
droxyapatite. Phosphate tetrahedra are glass formers 
and the large entropy of fusion, and difference in 
atomic arrangements between the corresponding 
crystalline state16t" could accentuate the glass- 
forming ability of hydroxyapatite. Finally, crystalliza- 
tion to an intricate structure requires more time for 
diffusion of the atoms or groups to lattice sites. Plasma 
spraying of the superconductor material YBa2Cu,0,-,, 
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which also has a complex structure, has shown that it 
is very likely to form an amorphous phase upon 
plasma spraying.18 Despite these intrinsic factors, the 
processing conditions play a role in determining the 
amorphous phase content of hydroxyapatite coatings. 
This article addresses the influence of processing con- 
ditions on the formation of the amorphous phase. 

Crystallinity has been interpreted in different ways 
within the biomedical community. It was initially 
used as an indication of the crystal size or perfection of 
the crystal lattice in hydroxyapatite crystals.'9 Ther- 
mally sprayed materials typically have a fine grain 
size and high defect contents due to the fast cooling 
rate. These features, in addition to residual stresses, 
result in a broadening of the X-ray diffraction peaks, 
comparable to the spectrum of the inorganic phase in 
bone (Fig. 1). A high-crystallinity hydroxyapatite ma- 
terial is included as a reference. The focus of the pres- 
ent article is the amorphous phase represented by the 
broad diffuse peak in the X-ray diffraction pattern 
(e.g., Fig. 1, curve c). An understanding of the forma- 
tion of the amorphous phases and their location 
within the coating is necessary to manufacture coat- 
ings that exhibit desired properties. 

MATERIALS AND METHODS 

Coating preparation 

A Metco 3MB plasma spray torch with a GH nozzle was 
used to prepare hydroxyapatite coatings. Powder with a 
Ca/P ratio of 1.67 and impurities measured as 0.44 wt % Mg, 
0.008 wt % Na, and 0.02 wt % F was supplied by Osteonics. 
The particle size distribution of 5 4 0  km was used for 
plasma spraying unless specified. Powder was injected ex- 
ternal to the gun and perpendicular to the plasma flow. 

The powder was sprayed at different power levels to in- 
vestigate the effect of processing conditions on amorphicity. 
The parameters that were changed include stand-off dis- 
tance (5-20 cm), particle size distribution (the small particle 
sized powder was mixed with a larger particle size powder 
with a mean of 80 km), substrate angle (0°-600), primary gas 
flow rate (90-110 lpm), air cooling of the coating and sub- 
strate during spraying, and hydroxylation state of the start- 
ing powder. A powder with a lower hydroxyl content was 
produced by heating at 1200°C for 1 h, followed by sieving. 
A substrate angle of 90" represents a substrate with the face 
positioned perpendicular to the stream of molten droplets. 
Prior to spraying, substrates were grit blasted with 150 km 
Sic powder. 

Calibration of amorphicity using X-ray diffraction 

The as-received amorphous coating was ground in a mor- 
tar and pestle to obtain a small particle size. The crystalline 
commercial powder, supplied by Osteonics, was used to 
represent a 100% crystalline sample. Weight fractions of the 
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Figure 1. An X-ray diffraction pattern illustrating (a) high 
crystallinity hydroxyapatite, (b) inorganic bone, and (c) an 
amorphous phase found in hydroxyapatite coatings. 

amorphous powder and the crystalline powder were mixed 
in increments of 10 wt O/O and analyzed in a flat-plate geom- 
etry with X-ray diffraction (using Cu K, radiation of A = 1.54 
A). The X-ray diffraction goniometer was set at a scan rate of 
O.OlO/s, and a counting time of 2 s was used. A curve of best 
fit to the diffuse peak was drawn to represent the amor- 
phous phase. The hydroxyapatite peaks were identified us- 
ing JPDS card 9-432 in the 28 range of 20°400. The crystal- 
line peak area (I,) and the amorphous area (I,) determined as 
a rise from the background (Fig. 1, curve c) were measured, 
and IJI, was then calculated, where I, = I, + I,. Therefore, an 
empirical calibration curve (Fig. 2) could be used to precisely 
(23 wt %) quantify the amorphous phase within thermal 
spray coatings. This procedure is similar to calibration 
curves produced by Flach et aL20 and Keller et aL2' 

Coating analysis 

Coatings were sectioned on a diamond cut-off wheel, 
mounted in epoxy resin, ground and polished using 0.05 bm 

Amorphicity (wt. %) 

Figure 2. Calibration curve showing I,/ I, versus amorphic- 
ity for normalized areas determined by X-ray diffraction. 
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alumina. The crystalline regions were viewed in the optical l ~ a q l q s - l . ~ . l r ~ -  l o  , 

microscope using the Nomarski interference method to in- 1 00 - A ~ l h r a t e  angle (We@ 
crease the depth of field and contrast of the features. 

Two coatings with 98 wt % amorphous phase were heated F 
to 660°C for 5 min in either dry or moist helium gas. The 2 stancLoff distance (cm) 
crystallinity was then measured using X-ray diffraction to .$ 
ascertain the influence of the water content on the crystalli- 
zation. 

40 - 

RESULTS AND DISCUSSION 

Amorphous phase formation is linked to various 
stages of the plasma-spraying process: (a) interaction 
of the particles with the plasma, (b) spreading of the 
droplet on the substrate (i.e., cooling rate), and (c) tem- 
perature of the surface onto which the droplet flattens. 
The influence of these stages on the final coating 
amorphous content will be discussed. 

Cooling-rate controlled amorphicity 

A study of coatings produced under varying condi- 
tions provides insight into the factors responsible for 
the amorphous phase. As the spray angle deviates 
from perpendicular to the substrate by more than 30°, 
an increase in amorphicity is noted (Fig. 3). Less par- 
tially unmelted particles participate in the buildup of 
the coating as they ricochet from the surface, but more 
important, the lamellae thickness decreases, as evi- 
denced from studies of other materials.22 This leads to 
a higher cooling rate and is associated with an increase 
in amorphicity. The primary plasma gas flow rate also 
influences the amount of amorphous phase formed. A 
higher primary gas flow rate transfers more velocity to 
the particle before impact. Greater particle flattening 
produces a higher cooling rate. 

The viscosity of the melt can be decreased by heat- 
ing the molten particles to a higher temperature. This 
has been demonstrated by Wolke et a1.,2~ in whose 
study a higher enthalpy plasma flame was employed. 
Overheating, however, will cause decomposition first 
to tricalcium phosphate and tetracalcium phosphate 
and then to calcium oxide and more tetracalcium 
phosphate. For a given droplet size, the lower viscos- 
ity aids spreading of the melt to produce a thinner 
lamella. The spreading of the droplet on the substrate 
giving rise to the amorphous phase in hydroxyapatite 
coatings produces good substrate contact which can 
increase the interfacial adhesion bond strength of the 
coating." 

The nature of the substrate and successively depos- 
ited layers also play a role in droplet spreading and, 
hence, the cooling rate.25 The first molten droplets im- 
pact the titanium surface, which may become oxidized 

i particle size (p) 

de-hydroxylation state .Hrn 

low high 

Figure 3. Influence of spray parameters on the amorphicity 
of the coating. Abscissa is variable according to values or 
level of parameter. Amorphous content was determined by 
X-ray diffraction. 

during the preheat stage. Oxide layers on metal sub- 
strates present a thermal contact resistance to the mol- 
ten droplet and can alter the microstructure of the 
lamellae.26 However, the cooling rate on the very thin 
film of oxidized titanium is sufficiently fast to produce 
an amorphous phase. Furthermore, this thin oxide 
layer is important for bonding of the coating to the 
substrate.27 

The cooling rate can also be modified by the sub- 
strate roughness which determines coating quality.28 
A rough substrate prevents spreading of the droplet, 
thus lowering the cooling rate. As the coating is manu- 
factured, successive layers will also present a rough 
surface and prevent spreading of a liquid droplet. 
Therefore, crystalline areas may be larger and ran- 
domly placed in the coating. It will be shown in the 
following section how splashing of liquid with a com- 
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position of hydroxyapatite produces satellite droplets, 
resulting in small crystalline regions. 

The first molten droplets will dissipate heat to the 
titanium substrate and cool at a rate of approximately 
lo5 K / s , ~ ~  producing an amorphous material adjacent 
to the substrate. Heat flow to the substrate will be 
higher than to the surrounding air; however, convec- 
tion cooling of the coating can be employed as an 
additional means of increasing the cooling rate. 

Composition-controlled amorphicity 

Amorphicity can be controlled by varying other 
process parameters or the original feedstock (Fig. 3). 
The first parameter that was recognized as producing 
a larger level of amorphicity was.. the stand-off dis- 
tance (i.e., the distance between the particle injection 
point and the object to be ~ o a t e d ) . ~ ~ . ~ '  A larger stand- 
off distance will produce thicker splats, yielding an 
overall lower cooling rate of the splat but a higher 
level of amorphicity. The longer time at the elevated 
temperature produces more dehydroxylation, which 
influences the formation of the crystalline phase. The 
shape of the curve (Fig. 3) (proportional to t'I2) is 
representative of diffusion from the surface of a 
sphere.32 

The particle size of the powder also affects the for- 
mation of the amorphous phase. A smaller particle 
size permits higher heat transfer and more complete 
hydroxyl ion diffusion from the surface of in-flight 
molten particles. A narrow particle size distribution 
will permit more control over the particle temperature 
history and lead to more predictable dehydroxylation 
and higher uniformity throughout the coating. The ef- 
fect of dehydroxylation seems to have a greater influ- 
ence in comparison to the increase in the cooling rate. 

Removal of hydroxyl ions can be performed before 
spraying by using a dehydroxylated powder. This in- 
creases the amount of amorphous phase in the coating 
(Fig. 3). The heat of the plasma is then directed to 
further lowering the hydroxyl concentration of the 
traveling particles. Weng et al.33 observed an increas- 
ing amorphicity with powders of a lower hydroxyl 
content but variable porosity." The porosity affects 
the thermal diffusivity, and this makes it difficult to 
determine the main cause leading to changes in the 
amorphous phase content. Calcination at higher tem- 
peratures concomitantly reduces the porosity and the 
hydroxyl content, which affects the thermal diffusivity 
and further dehydroxylation during spraying. Thus, a 
hydroxyl deficient feedstock material will more likely 
give rise to an amorphous phase compared to a high 
hydroxyl content powder. 

A model presented by Khor and ~heang," in which 
the outside skin of a particle is molten and the core is 
unmolten, depicts only one possibility where insuffi- 
cient heat is transferred to completely melt the par- 
ticle. This model must be modified by assuming that 
the particle is totally molten with a hydroxyl rich core 
(depicting the stoichiometry of hydroxyapatite) and a 
hydroxyl-depleted skin. Formation of the amorphous 
phase can be attributed to many factors and will be 
discussed from a kinetics and thermodynamics per- 
spec tive. 

Mechanistically, the number of anions (02-/unit 
cell) participating in the diffusion process in oxyapa- 
tite (i.e., a completely dehydroxylated hydroxyapatite) 
is considerably less compared to hydroxyapatite 
where the hydroxyl ions are twice in number (20H-/ 
unit cell) and more mobile, owing to the lower charge 
state. The necessary atomic restructuring to an apatitic 
crystal structure is thus easier for a hydroxylated melt. 
This is assisted by a lower melt viscosity found in 
calcium phosphates with a higher "water content."36 
A dehydroxylated molten particle will thus have a 
higher nucleation barrier for crystallization. 

A thermodynamic approach to crystallization re- 
quires consideration of the Gibbs free energy of for- 
mation (Fig. 4). The free energy of formation is larger 
for hydroxyapatite than o ~ ~ a ~ a t i t e ? ' # ~ ~  and hence, the 
driving force for nucleation of hydroxyapatite is 
higher. The hydroxyl-depleted area is thus more sen- 
sitive to the cooling rate and remains as an amorphous 
phase under rapid cooling conditions. 

The crystallization of hydroxyapatite may also de- 
pend upon coating impurities. For example, a divalent 
cation such as magnesium can replace calcium. Mag- 
nesium has a smaller atomic radius and is more 

Figure 4. Free energy of formation of oxyapatite and hy- 
droxyapatite compared to the amorphous phase (schematic 
only). 

A 

0 .  
Composition 
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strongly bound to the phosphate groups than is the 
calcium ion.39 This stronger bonding forms a more 
stable configuration which could hinder crystalliza- 
tion by forming a diffusion barrier. Similarly, the an- 
ions can also be replaced, but this will lead to an op- 
posite effect. A substitution of fluorine for hydroxyl 
ions will provide a higher driving force for crystalli- 
zation to fluorapatite. The composition should thus be 
considered in conjunction with cooling, since a melt 
with a higher driving force for crystallization will 
need a higher cooling rate to form an amorphous 
phase. 

Crystallization during coating build-up 

Measurement of the amorphous phase content at 
the coating surface by conventional X-ray diffraction 
is not representative of the average amorphous phase 
content of the coating. The amorphous region in the 
coating microstructure is distinguished from the crys- 
talline area by its ease of removal in the polishing 
stage of specimen preparation. Figure 5 shows the mi- 
crostructure of 50 wt % and 100 wt % crystalline coat- 
ings determined by X-ray diffraction. A noteworthy 
feature is the amorphous phase (darker gray) which 
very often forms at the titanium substrate. This is im- 
portant in the performance of the coating, since disso- 
lution of this layer adjacent to the substrate could lead 
to failure. Other phases may be present in small quan- 
tities; however, these cannot be distinguished from the 
hydroxyapatite. 

The crystalline phase consists of unmolten or par- 
tially molten particles and recrystallized regions. The 
unmolten particles, not having experienced full heat 
transfer, are transferred to the coating with a morphol- 
ogy representative of the starting powder. Molten 
droplets participate in coating build-up but do not 
always form a splat of even thickness. Thicker sections 
are accompanied with a lower cooling rate and can 
produce sites of crystallization. These latter crystalline 
regions will be small in size (Fig. 6), but will grow 
under thermal activation provided by the heat transfer 
of subsequent deposited layers. The detection of the 
crystalline regions may not always be simple. The 
amorphous phase appears transparent, but this optical 
property has also been observed for crystalline hy- 
droxyapatite which has been hydroxide depleted." 

Heat treatment of an amorphous phase in a dry and 
wet gas shows that the latter gives rise to a more ex- 
tensive crystallization (Fig. 7). During the deposition 
process, the molten particle, with a hydroxyl rich core 
surrounded by a hydroxyl deficient region, spreads 
out to form the lamellae. The individual lamellae can- 

Figure 5. Microstructure showing the crystalline phase (in- 
dicated by higher plateaus of lighter color) in (a) a 50 wt % 
and (b) a 100 wt % crystalline coating calculated from X-ray 
diffraction. The titanium substrate is situated on the left- 
hand side and the spray direction is indicated by the arrow. 

not be distinguished in hydroxyapatite coatings; how- 
ever, it is expected that the hydroxyl-rich region is 
more likely to form the crystalline phase. The crystal- 
line phase that forms upon deposition will appear as 
elongated particles (Figs. 5 and 8). These two regions 
are inseparable if the cooling rate is sufficiently rapid, 
and both will constitute the amorphous phase. The 
fast cooling rate of the first lamellae is controlled by 
the rapid heat dissipation to the titanium substrate 
(thermal diffusivity of titanium is 8 x cm2/s). This 
may be modified if the titanium has been oxidized 
significantly before the deposition stage. Further dis- 
sipation is hindered by the low thermal conductivity 
of the successive layers. 

The heat in the coating is delivered by molten par- 
ticles impinging on the coating. Heat is dissipated 
slowly owing to the low thermal diffusivity of hy- 
droxyapatite (-5 x ~ m ~ / s ) ~ '  and is elevated by 
released heat owing to the structural relaxation of the 
amorphous phase and the recalescence of the crystal- 
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Figure 6. Crystalline region identified by light microscopy 
in a splat. Arrows indicate crystalline areas within the flat- 
tened particle. 

lizing areas. Thermal conductivity of the coating is 
affected by the amorphous phase and pore content. 
An amorphous phase has typically a lower thermal 
conductivity-i.e., a sixfold difference at 200°C be- 
tween silica and quartz.42 The amorphous phase 
formed in hydroxyapatite coatings will thus give rise 
to a faster rise in temperature during coating deposi- 
tion. When the temperature is sufficiently high, recrys- 
tallization will first take place in the hydroxyl-rich ar- 
e a ~ . ~ ~  The elongated crystalline regions, if not formed 
during solidification, must then be recrystallized ar- 
eas. Recrvstallization will occur more readilv on den- 

Two theta 

Figure 7. X-ray diffraction of the amorphous phase after 
heat treatment at 660°C for 5 min in a dry and moist atmo- 
sphere. 
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Figure 8. The variation of crystallinity close to the sub- 
strate and on the surface of the coating as (a) identified by 
X-ray diffraction and (b) shown in a micrograph sprayed at 
10 cm stand-off distance. 

tal implants of lower thermal mass compared to hip 
implants. 

As consecutive layers are deposited, the heat in the 
coating builds up slowly and leads to crystallization in 
different places within the coating. The coating is thus 
more crystalline at the surface compared to the area 
adjacent to the substrate (Fig. 8). This has also been 
observed by Le ~eros." The heat build-up also arises 
owing to pores within the coating material. Pores are 
intrinsic to thermal spray coatings and can decrease 
the thermal diffusivity by a factor of five when ori- 
ented parallel to the surface.44 ~ c ~ h e r s o n ~ ~  showed 
that the thermal conductivity of alumina decreases by 
at least an order of magnitude, and modeling by Hol- 
lis46 suggested that this is also dependent on the size 
and distribution of the elongated pores between the 
lamellae. Ilavsky et a1.47 recently addressed the influ- 
ence of spraying parameters and found an influence of 
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spray angle on crack orientation within lamellae. 
These cracks form as a result of the shrinkage pro- 
duced in the crystallization process.29 The number of 
crystalline regions identified as recrystallized hy- 
droxyapatite thus increases with thickness owing to 
the intrinsic low thermal diffusivity, and is further- 
more accentuated by the amorphous phase and coat- 
ing porosity. 

This investigation has illustrated how coating crys- 
tallinity can be altered by changes in the process and 
deposition stage. By ensuring low dehydroxylation, 
coatings with a high crystalline content can be pro- 

- duced with the intention of a longer lifetime. Under- 
standing the amorphous phase formation and the abil- 
ity to examine microstructures will aid in decreasing 
the variability in hydroxyapatite coatings leading to a 
better in viva performance predictability. 

CONCLUSIONS 

Hydroxyapatite has two intrinsic properties that en- 
able it to form an amorphous phase. First, it is made 
up of phosphates which are glass formers, and second, 
the composition of hydroxyapatite is very close to the 
eutectic composition, thus inducing a liquidus effect. 
Thermal spraying produces the amorphous phase, not 
only due to the high cooling rate but also to the re- 
moval of hydroxyl ions which make it more difficult 
for the crystalline phase to form. The hydroxide con- 
tent can be controlled with processing parameters or, 
alternatively, at the powder-processing stage. 

Optical microscopy is a useful tool for discerning 
crystalline regions. The crystalline phase consists of 
unmolten and recrystallized areas within the coating. 
Recrystallization during coating production takes 
place preferentially in the hydroxyl-rich regions of the 
amorphous phase. 

The authors are grateful for the translations of articles 
from Russian by Mrs. Maija Ambrena of the Engineering 
Planning and  Network Office, "Karlis," Latvia. 
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