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Abstract

Cdcined spraydried hydroxyapatite (Caio(PO4)(OH)s; i.e.,
HA) powders were atmosphericdly plaama sorayed (APS)
using various process parameters. The resulting phases within
the coating surface and the interface between the coating and
the substrate were analyzed using X-ray diffraction (XRD)
methods. This XRD reveaed the presence of both amorphous
(i.e., amorphous cdcium phosphate ACP) and crydadline
phases. The crystalline phases included both HA and some
impurity phases from the decomposition of HA, such as
tricdcium phogphate (a=TCP and B-TCP), tetracacium
phosphate (TTCP) and cacium oxide (Ca0). The crysdlinity
of HA decreased with increasing soray power and stand-off
digance (SOD). The percentage of al impurity pheses
increased with the spray power. The percentage of both TCP
and 'l TCP decreased with the SOD whilethe CaO percentage
increased. In addition, the percentagedf ACP and CaO were
higher in the interface than at the surface of the coating while
the percentage of TCP and TTCP exhibited the opposite
effect.

I ntroduction

Hydroxyapatite(HA) has been used as an implant materid
due to its good biocompatibility and bioactivity as wel as its
compodtiond similarity to inorganic bone. Due to the poor
mechanicd properties of bulk HA in load-bearing Situations,
HA was generally used as a coating on a metallic substrate.'
Plasma sprayingis one of the mogt popular methods to apply
the coating onto metals. However, due to the extremdy high
temperature of the plasmaflame and the rapid cooling rete, the
compadtion and the structure of the HA coatings are greaily
changed fromthose of the origina powders. HA powders may
be mdted, with some of the mdt becoming amorphous
cacium phosphate (ACP) upon impacting the substrate, or
becoming dehydroxylated and/or decomposed during the
soray process. It was found that the crystdlinity of the HA
coating decreased while some impurity phases such as alpha-
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tricalcium phogphae (a-Cay(PO4);, a-TCP), beta-tricalcium
phosphate  (B-Ca(PO4);, B-TCP), tetracdcium phosphate
(Ca4P209§ TTCP) and cadcium oxide (CaO) appeared dfter
spraying.>*

Previous studies have indicated that the bone response to the
HA coatings and subsequent bone growth were dominantly
affected by the crygdlinity and the phase purity of the HA
coatings due to the faster dissolutionrate of the amorphous phase
and some of the impurity phasesin body fluids.®”*® Therefore, to
obtain HA coatings with predictable properties for actud implant
gpplication, the cryddlinity and the phase purity of the HA
coatings should be effectively designed. To achieve this, bath the
oray parametersand the properties of the origina HA feedstock
should be grictly controlled.

In this study, cacined spray-dried HA powders were used as
the feedstock. The crygdlinity and impurity phases of the HA
coatings were evauated with regard to the sporay parameters and
quantitatively assessed using a fitting program. In addition, the
percentage of the amorphous phase and the impurity phasesin the
surface and the interface (between coating and substrate) of HA
coatingswere compared using identical quantitative methods.

Experimental

Feeddock. The HA powders were produced by reacting
orthophosphoricacid (H;PO,) with calcium hydroxide (Ca(OH),)
followed by soray drying at around 200°C and heet trestment a
800°C for 3 hours The heat trestment was used to cacine the
agglomerated powders. The powders were then Seved to less than
100 pm to ensure uniform mdting and deposition during the
plasma sray process The morphology of the powders weas
examined usng a Philips 1S9-SX-30 Scanning Electron
Micrascope (SEM) and the particle size distribution was eva uated
using a Honeywdl Microtrac SRA Particle Andyzer.

Plasma Spraying. The cacined spraydried HA powders were
amosphericaly plasmasprayed (APS) using aMetco 3MB plasama
torch witha GH nozzle (Sulzer-Metco, Westbury, NY). Argonwas
usad as both the primary gas (a 50 dpm) and carrier gas (at 3.65
dpm), and hydrogen as the secondary gas. The volume of the



hydrogen was adjusted to obtain different spray voltage. Two
arc currents and stand-off distances (SOD) were sdlected. The
mild stedd substrate was grit-blasted and cleaned with acetone
before spraying. Some of the subgrates were lightly grit
blagted to permit easy coating remova from the substrate after
spraying. The powder feed rate was 14 g/min. (Note When
the powder feed rate was changed from 14 g/min to 20 g/min
with other parameters remaning the same, dthough the
depasition efficiency increased 5-10%, no obvious difference
was reveded in the XRD patterns, so the effects of powder
feed rate will not be discussed.) All coatings with subgtrates
(sample 1-6) were sprayed for 3 passes, and all ped-off
coatings (sample Ip, 2p, 5p and 6p) were sprayed for 15
passes. Thethicknessaf the coating varied from 75 pum to 600
pm as a result of different soray passes and depostion
efficiencies. The various process parameters used are shown
inTablel

Tablel PlasmaSpray Parameters

Sample  Spray Soray  Secondary  Stand-off
type current  voltage gas distance
(A) () (Hy, slm) (mm)
1/1p 500 55 5.6 80
212p 500 55 56 160
3 500 70 11 80
4 600 60 56 80
5/5p 600 70 1 80
6/6p 600 70 11 160

X-ray Diffraction and Quantitative Analyss X-ray
diffraction vas peformed on both the feedstock and the
plasmasprayed HA coatings (both the surfaceand interfacein
the case of ped-off coatings) using a computer controlled
Philips PW 1729 X-ray diffractometer with CuKo; radiation;
the operating voltage was 40 kV and current 30 mA. The
goniometer Was set a a stan rate of 0.005 °/sec over a 26
rangeof 20-60°. The peaks wereidentified by comparingwith
the standard JCPDS (Joint Committee on Powder Diffraction
Standard) cards'(as shownin Table2).

To evaluatethe crystdlinity and purity of the HA coatings,
the following quantitative phase andyss methods were
revi sed from son@ previous studies,>'"'>'* with the intent to
giveaquick and reasonable estimation of the percentage of

the amorphous phase and impurity phaseswithin HA coatings
and their relationshipwith the oray parametersused.

Table2 Mog intense pesksdf crygaline phases

in plasmasprayed HA coatings
Phase peek 20°  JCPDS No.
Ca,o(PO4)(OH)s, HA (211) 31.8 9-432
a.-Ca,(PO4);, o.-TCP (170) 30.7 9-348
B-Cax(PO4);, B-TCP  (0.2.10) 310 9-169
CaP,0y, TTCP (040) 29.7 25-1137
CaO (200) 37.4 4-777
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Curvefitting was performed by fitting the mogt intense pesk o
each crydtdline phase (as shown in Table 2) and the amorphous
hump in the range of 25-37" (26). The ACP/HA ratio and the
impurity phasesto HA raios (i.e., TCP/HA, TTCP/HA, CaO/HA)
werecd culated using Equations 1 and 2 respectively:

Aicr

ACP/HA= 42
3237 A,

(D

TCP/HA:iT—Cf—

HA

@

INEq. 1, Aace is theintegrated intendty of the ACP phase, which
was evauated using the areadof the anor phous hump bet ween 25°
and 37°. The term “3.23*Ay,” isthe total integrated intengity of
al HA peaks within 25-37°, Apa isthe area of the mod intengive
(211) pesk of HA, and the factor 3.23 is the ratio o the totad
intengity of all HA pesksin a 26 range of 25-37"" in JCPDS card
(9-432) totheintengity of the (211) pesk. In Eq. 2, Arcp istheaea
of the mogt intense peaks of both a-TCP and B-TCP snce thee
two peaks are very cose TTCP/HA and CaO/HA can be
cdculated usng Eq. 2 by replacing Arcp With Arrcp and Acyo,
which are respectively the area of the most intense pegk of TTCP
and Ca0. This quantitative analysis method was based on the
assumption that the scattering factors for all phases within HA
coatingsare smilar." It is estimated that the relative error in the
above cdculaion iswithinfive percent of the mean value.

The percentage of HA and ACP within the HA coatings can,
thus, be cdculated asfollows:

1

o)
17 ACP/HA+TCPIHA+TTCP  HA+ CaOTHA 0%

HA%=

ACP%=HA% x ACP/HA @)
The percentage of TCP, TTCP and CaO (i.e., TCP%, TTCP%,
Ca0%) can be cdculated usng Eq. 4 by replacement o the
"ACP??and “ACP/HA” term.

The crygdlinity of the HA coating can be evaluated usng the
ACP percentage obtained above whilethe purity of the HA coating
can be evduated using the percentage of each impurity phase.

Resultsand Discussion

Powder Characterization. The feedstock powders are fully
crygalized pure HA phase as shown in Fig. 1(a). The SEM
morphology of theHA powders (Fig. 1(b)) showsthat the particles
are quite spherical, while each particle is agglomerated by mary
fine particles. The particle s zedistributionof the HA powdersves
found mainly within 15 to 100 pm with the average at around

45um.
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Figure 1. Characterizationof calcined spray
dried hydroxyapatite powders

Effects of spray power and SOD. XRD patterns of the
HA coatings sporayed at different power levels are shown in
Fig. 2. When thespray power was increased from 27.5 kW to
35 kW, the overdl intensity of HA peaks decreased and the
amorphous hump became more obvious. Aswell, the pesks of

impurity phases (a=TCP, B-TCP, TTCP and Ca0) a so increased.
However, the phasesin HA coatingsdid not show much change
when the spray power was further increased to 42 kW. By
comparing the XRD patterns of HA coatingssprayed at the same
power level but different SOD, it can be seen that the intensity of
all HA pesks decreased appreciably and the amorphous hump
became very obviouswhen the SOD was increased fiom 80 mm to
160 mm. The peaks of impurity phases, specificaly the peaks of
CaO, becamesignificant when both spray power and SOD reached
their highest vdues.

In addition to the effects on the phase compaodtion in HA
coatings, when the SOD was increased fiom 80 mm to 160 mm,
the thickness of the coating decreased and the depostion
efficiency was ~ 60% of the former. The change of pray power,
however, did not show any obvious influence on the deposition
efficiency.

The effects of spray power and SOD on the crystdlinity and
purity of HA coatings can be quantitatively evaluated using the
procedures introduced before. Severd quantitative anayss
methods have been usad previoudy to characterizethe crystallinity
and/or purity of HA coatings, such as the direct intendty ratio
method,'"" an internal standard method'>'>!* and curvefitting of
the amorphous hump.*'""** Theinternal standard method would be
able to give more precise phase percentage if the integrated
intengity of all pesksaof each phasewithin the XRD spectrum were
messured and some cdibration curves were established."®
Practicdly, however, as mogt pesksof aTCP, g-TCP, TTCPand
HA itself overlap each other and a pureamorphousHA isdifficult
to prepare, the data obtained from this method may not represent
the red phase percentage despite a lot of time and work needed.
The intent of the analyss presented here is to characterize the
crystallinity and different types of impurity phases within HA
coatingsand to assess their relationship with respect to the spray
parameters.

Effects on Crystallinity. As shown in Fg 3, the ACP
percentage of HA coatings increased with the increase of spray
power and increased significantly when the SOD increased fiom
80 mm to 160 mm. It isknown that during Spraying, some of the
HA particles are mdted and when they impact on the metalic
substrate or the dready formed coating, some of these melted
portions recryddlized while mog of them <olidified into
amorphous phase due to the high cooling rate and high degree of
dehydroxylation.'* When the input power was increased, the hest
content of the plasma became higher and more particles were
medted. Asaresult, more ACP phaseformed. In addition, sincethe
temperature of the plasma was higher, the cooling rate and
dehydroxylation also became higher, which dso promoted the
formation of the ACP phase. As it can be seen from Fig. 3, when
the spray power ves further increased fiom 35 kW to 42 kW, the
ACP percentage dmost remained the same as was also found in
Tsui et al’s work? This probably can be explained due to the low
thermal conductivity (0.72 — 2.16 W/m-K) of HA'? and the wide
particlesizedistribution (15 - 100 um) of the powdersusad, which
made the cores of the larger particles difficult to melt even if the
hest content increased.

On theother hand, asthe SOD increased, thetemperaturecf the
subgtrate decreased and the cooling rate increesed. The HA
powders suffered more melting and dehydroxylation at longer
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Figure2. XRD patterns of HA coatings sorayed at different spray power levelsand stand-off distances
(aisa-TCP, BisB-TCP, TisTTCP, *isCaOanddl other pesksbelongto HA)

OD. Thus, more mdted portions of HA paticlessoli  ed
into ACP phase and the crystdlinity significantly decreased.
Anacther important reason for the decrease of crystdlinity at
longer SOD is tha some of the unmelted particles were
blown awvay before they reached the substrate, which can be
evidenced by the fact that the deposition efficiency at 160 mm
SOD wasonly around 60% of that at 80 mm SOD.

Effects on Purity. The impurity phases in plasma sorayed
HA coatingscan be divided into two types: calcium phosphate
(TCPand TTCP) impurity and CaO impurity. A main concern
is ther different effects on the biologicd responses of HA
codings. All the TCP and TTCP phases are re?orted to be
biocompatiable and dissolvable in body fluids.'® The only
difference is that they have a higher dissolution rate then HA,
but lower than the ACP,'® which is in the order of
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Figure3. Effectsof goray power and SOD
on thecrystdlinity of HA coatings
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(fast) ACP>> TTCP > a-TCP> B-TCP >> HA (dow)

On the other hand, CaO phase has no biocompatibility. It is
conddered to be the mog derimentad phase following
implantation because of its high reactivity in the presence o
water.

The decomposition of the HA during the plasma soray process
can be explained using the rd ated Ca0-P,0s-H,0 phase diagran”
with the temperatiure-time exposure experience o the HA
powders and their cooling rate. The following steps have bean
suggested by de Groot et al:**'* HA decomposed to form o-TCP
and TTCP phasesat high temperature, around 1325-1550°C which
increased with an increase of the partid water pressure.'* The
phase equilibriumequation” can be expressed as:

Ca;o(PO4)s(OH); <> 2Ca3(PO,) + CaP,00 +H,0  (5)

Some of the a-TCP then transformed at about 1100°C to p-TCP
which isastable TCP phase a room temperature. The TTCP phase
would further decompose to form HA and CaO if a high heat
content was involved.

As shown in Fg. 4, the percentage of all impurity phases
increesed with an increase of oray power, while the CaO
percentage increased more significantly than TCPand TTCP. This
occurs because more HA powder meted and decomposed as the
plasma temperaiure increased at higher power. As wdl, the
powders were more dehydroxylated a higher temperature, which
decreased the decomposition temperature of HA to a-TCP and
TTCP. The higher heat content at higher power aso caused further
decompodtion of TTCPto HA and CaO. The impurity percentage
did nat exhibit a significant increase when the goray power wes
increased from 35 kW to 42 kW, which can be explained in a
similar fashion asfor the crystallinity.

It was reported in Yang et a's work'* that the SOD variables
had no influence on the formation of impurity phases. In the
present work, however, whenthe SOD increased from80 mm  to
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160 mm, the percentage of TCP and TTCP decreased while the
CaO percentage increased, which is more obvious a higher soray
power. The reason for this behavior is that dthough HA powders
auffered more mdting, decompostion and dehydroxylation at
longer SOD, dueto the higher cooling rate, mogt of the meted HA
became ACP phase. Also, the higher cooling rate limited the short-
range diffusonfor the decomposition of HA to a-TCP and TTCP
at higher temperature; while HA decomposed directly to the low-
temperature impurity phases (i.e. CaO and B-TCP). Thiscan dso
explainthe resultsthat at longer SOD, the percentage of both TCP
and TTCP did nat increase significantly when the spray power
increesed, while the CaO percentage reached the highest vaue
when both the spray power and SOD were the highest. It shal be
noted that, dthough dso a low-temperature phase, the B-TCP
percentage (induded in TCP percentage here) did nat exhibit the
same trend with the goray parametersas CaO. A possible reesonis
the loss o the POs group during the spray process. This

has been found to be related to the origina powders
and will beinvestigatedin thefuture.

Phase distribution. As shown in Fig. 5, in dl four extreme
spray power/SOD combinations, the intengity of the overdl HA
pesks is evidently lower while the amorphous hump is more
obvious in the XRD patterns of the interface than that of the
surfacedf the HA coatings. For the impurity phases, the CaO peak
isclearly higher in the XRD pattern of the interface than that of the
surface, while the pesks of TCP and TTCP do not show obvious
differences.

The difference of the crygtdlinity and the purity in the surface
and the interface of the HA coating was aso evauated usng the
same quantitetive analysds method introduced before. No
significant difference (dthough some changesin the overdl peak
counts) was found between the XRD patterns of the surfaces of the
HA coatings with the subgtrate and the ped-off HA coatings thet
were orayed with the same parameters, i.e., the XRD pattern of
the HA coating surface was not obvioudy influenced with respect
to the coating thickness.

Fgure 6 compares the crygalinity between the surface and the
interface of the HA coatings. The ACP percentage was higher in
the interface o the HA coating in dl four extreme cases. This
result is consistent with previous studies.'>** During the plasma
soraying process, the cooling rate of the first lamela was
controlled by rapid heat disspation to the metdlic subgtrate. As
the HA coating thickness increases, the cooling rate becomes
much smaller because the thermd conductivity of HA (~ 0.72 -
2.16 W/mK)"” is much lower then that of metals (in our case, mild
ged = 20 - 60 W/m-K), and this results in more recrystallization
when the mdt impacted onto the subdtrate. Thus, the ACP
percentage was much higher at the coating interface.

The percentage o impurity phases in the surface and the
interface of HA coatingsis shown in Fig. 7. The percentage o
both TCP and TTCPwas lower in theinterfacethan at the surface.
On the other hand, the CaO percentage was higher in the interface
and the difference was more significant when SOD was shorter.
Thiscan be explained as before; i.e., the higher cooling rate & the
beginningdf spraying led to theformation of more ACP phase and
limited the short-range diffusion for the decompostion of HA to
o-TCP and TTCP at higher temperature. Instead, HA decomposed
directly to the low-temperature phases (CaO and B-TCP). The
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significant difference at shorter SOD is due to the higher
difference in cooling rate between the beginning and the end of
spraying at shorter SOD.

Summary. Theeffectsof variousspray parameters on phase
formation and distribution within HA coatings can be explained
usi ng the temperature-time exposure experiences of HA powders
and their cooling rate in the spraying process as well as the CaO-
P,05-H,0 phase diagram. In the present study, the effects of soray
power can be attributed to the temperature experience while the
effectsof SOD arerelated to theresidencetime of the HA powders
in the plasma. This can be summarized in Fig. 8. For example,
track 1 illustrates the processes that occur when the soray power

increased. In this instance, HA powders were aﬁ a hlgher
temperature; thus more powders were melted,

dehydroxylated. Also, the coolmghrate increased. Al these factors
ledto thelower crystalllnlty and higher impurity in HA coatings.

On the other hand, when the SOD increased (track 2), HA powders
were subjected to a high temperaturefor a longer time; thus more
meting, decompostion and dehydroxylation occurred. The
cooling ratedecreased at longer time. However, as the subdrate
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temperature was much lower at longer SOD, the actud cooling
rate increased a lot at longer SOD. This higher cooling rate and
lower deposition efficiency (DE) at longer SOD contributed much
to the lower crysdlinity and higher CaO percentage of HA
coatings. Thelower crystdlinity and higher CaO percentage e the
interfacedf theHA coatingweredso the result of the much higher
cooling rate a the metdlic substrate a the beginning of spraying,
asshown by track 3inFg. 8.

Conclusions

Theeffectsaof spray power and SOD on the crystdlinity and the
purity of the plasmasprayed HA coatingsand phese distributionin
the surface and the interface of HA coatings were sysematicaly
sudied in this paper. The following conclusions can be dravn
from theaboveandysis.

(1) Boath crysalinity and purity of the HA decreased after plasma
Soraying. The impurity phases included tricalcium phogphate
(a-TCP, B-TCP), tetracalcium phosphate (TTCP) and cacum
oxide (Ca0y), which were due to the decomposition of HA.

(2) The crygalinity of HA coatings decreased with incressing
Foray power and SOD. The impurity percentage increased
with the soray power. The percentage of TCP and TTCP
decreased with the SOD while the CaO percentage increased,
whichismoreobviousat higher spray power. All these effects
can be explaned using the temperature-time exposure
experienceof HA powders and their cooling rate during the
Spray process as wel as the CaO-P,0s-H,O phase diagram.
The percentageof CaO was significant when both the oray
power and the SOD were higher, which should be avoided in
producing HA coatings.

(3) The crystallinity was significantly lower at the interface than
at the surface of the HA coatings. The percentage of TGP and
TTCP is lower in the interface than at the surface, while the
CaO percentage is greater, especidly at shorter SOD. Al
these effects were due to the higher cooling rate at the
beginningof spraying.
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