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ABSTRACT

Plasma sprayed hydroxyapatite (HA) coatings have been widdy ussd for dental and
orthopedic applications for fast fixation between the implant and the human anatomy. In this
study, the HA coatings were amosphericaly plasma sprayed (APS) using different spray power
and stand-off distance (SOD), and the coating surfaces were characterized using various methods.
X-ray diffraction (XRD) reveded the presence of crystaline HA, amorphous calcium phosphate
(ACP) and some other crystaline phases including tricalcium phosphate (a-TCP and B-TCP),
tetracalcium phosphate (TTCP) and cacium oxide (Ca0O). Fourier transform infrared (FTIR)
spectroscopy showed that both OH and PO,> bands of HA changed after spraying and the HA
phase identified by XRD ves actudly the solid solution of oxyapetite (OAp) in HA, i.e.,
oxyhydroxyapatite (OHA). The phase composition of the HA coatings varied with respect to the
spray power and SOD. The Surface morphology and roughness were andyzed via scanning
€lectron microscopy (SEM) and profilometry respectively, and the results related to the phase
composition

INTRODUCTION

Plasma sprayed hydroxyapetite [Ca;o(PO4)s(OH),, i.e., HA] coatings on metalic implants
have attracted great interest in the biomedical field due to the good strength and ductility of the
metal and the increased biocompatibility of the HA as well as the fast cementlessfixation.!? HA
coating also enhances the bone ingrowth® and protects the surrounding bone against metal-ion
release from the metallicimplant® It has been indicated that the compositionand the structure of
the plasma sprayed HA coating are different from those of the original HA feedstock due to the
high plasma temperature and rapid cooling rate.> Some amorphous calcium phosphate (ACP),
tricalcium phosphate (a-TCP and B-TCP), tetracalcium phosphate (TTCP) and calcium oxide
(Ca0) were detected using X-ray diffraction (XRD) in previous studies.'**’ In addition, a solid
solution of oxyapetite (OAp) in HA, i.e., oxyhydroxyapetite (OHA), aso formed in HA coatings
due to the dehydroxylation of HA, which was usualy examined using Fourier Transform Infrared
(FTIR) spectroscopy.>®® Hydroxyapatite isa very stable phasein body fluids, but the dissolution
ratesof all new phaseswerefound much higher than HA, whichisin the order of ACP>> TTCP
> a-TCP > OHA > B-TCP >> HA and will possibly lead to degradation of the HA coating.®'°
Calcium oxide has no biocompatiabilityand dissolves significantly faster than TCP'! and, thus, it



is a detrimental phase for the overall implant structure. The phase composition of HA coatings
generdly varied as a result of different soray parameters and led to different dissolution rates of
HA coatingsin physiological solutions. The coating surface is especialy of importance, since,
once implanted, it isdirectly in contact with the bone and body fluid, and the dissolution rate of
the surfacewill be a decidingfactor for both the fixation period and the fixation strength between
the coating and bone.'? In addition to the phase composition of the coating surface, some
microstructural evolution characteristicssuch as surface morphology and surface roughness also
dfect thedissolutionrate of the HA coating.

The present work aims to investigate the surface characteristics of the HA coatings sorayed
using different spray power and SOD. Thesetechnologica detailsof thermd spray are expected to
manifest themsdveswith regardsto thein vitro and in vivo behavior of the HA coatings.

EXPER MENTAL
Plasma Spraying

Thefeedstock were fully crystalline pure HA powders with a particle size distribution in the
range of 10 - 120 um. They were produced by spray drying followed by heat treatment. A Metco
3MB plasmatorch witha GH nozzle(Sulzer Metco, Westbury, NY) was used for the atmospheric
plasmaspray (APS) process. Argon was usad as the primary gas (at 50 dpm) and the carrier gas
(at 3.65 dpm). Hydrogen was usad as the secondary gas while its volume was adjusted to obtain
different spray voltages. The powderswere sprayed at 14 g/min and three types of spray power
and two stand-off distances were usad. The mild sted substrateswere grit-blasted using Al Os grit
and cleaned with acetone before spraying. All coatings were sprayed for the same number of
passes and the thicknessvaried from 70 to 120 um owing tothe different deposition efficiencies.

Surface Characterization

The HA coating surfaces were scanned using a computer controlled Philips PW 1729 X-ray
diffractometer with CuKo, radiationat 40kV and 30 mA. The goniometer Vs set at a Scan rate of
0.005 °/sec over a 20 range of 20-60°. The acquired X-ray diffraction (XRD) pattern were
identified by comparing with the JCPDS (Joint Committee on Powder Diffraction Standard)
standards.'® Thecrystallinity of the HA coating was cal cul ated using thefollowing equation:'

Crystallinity (%) = 4 x100% 1)
A.+4

A

Where A¢ isthetotal integrated intensity of all HA pesks within 25-37°(Al angular termsare
expressed in termsof 26). It is calculated by multiplyingt he areaof the most intensive (211) peak
of HA by 3.23, whichistheratio of thetota intengity of all HA peekswithin 25-37° in JCPDS
card (9-432) to the intensity of the (211) peak. The term “Aa” is the integrated intensity of the
ACP phase, which vs evaluated using the area.of the amorphous hump between 25°and 37°. Al
peak area calculationswere performed using curvefitting and the error was estimated within five
percent of the meanvalue.

A Nicolet MAGNA-IR 760 spectrometer was used to record the infrared Spectra of the HA
powders and coatings. Feedstock powders or powders scraped from the coating surface were
mixed with KBr & a weight ratio of around 1:20 and pressed into pellets. The spectra were
acquired over the range of 400 - 4000 cm™ witha resolution of 4 cm™. Each spectrumwas scanned
4 timestoi ncreasethe signa-to-noiseratio.

The HA coating surfaces were coated with a thin layer of carbon and then examined using a
Philips ISI-SX-30 SEM to ascertain the morphology. The surface roughness (Ra) of the HA
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coating was measured usinga Hommed Tester T1000 Profilometer and each coating was measured
15 timesto obtain averagevaue.

RESULTS AND DISCUSSION
Phase Andysis

XRD analysis: Figure 1 shows the XRD petterns of the HA coatings sorayed at different
powersand SODs. At the same SOD, when the Soray power increased, the overal intengity of HA
peaks decreased and the amorphous hump became more obvious. Meanwhile, the peaks of all
impurity phases (a-TCP, B-TCP, TTCP and Ca0) aso increased. On the other hand, & the same
spray power, the intensity of all HA peaks decreased appreciably and the amorphous hump
became significant when the SOD increased from 80 mm to 160 mm. The pesksof a-TCP, B-TCP
and TTCP did not exhibit obvious changes while the CaO peaks increased significantly with the
SOD at higher Soray power.
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Figure 1. XRD patternsdf HA coaingssprayed at different soray power and SOD.
“a” iSa-TCP, “B” iSB-TCP, “T” iSTTCP, “*” isCaO. All other peaks belongto HA.
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Figure 2. Crystdlinity of HA coatingssprayed at different power and SOD
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The crystalinity of the HA coatingsis shown in FHg. 2. The crystallinity decreased with the
increase of the spray power and decreased significantly when the SOD increased from 80 mm to
160 mm. This behavior occurs because an increase in power causes a higher plasma temperature
and, therefore, more powderswill be likely to melt, Thus, more ACP formed from the melt as the
result of the rapid cooling rate of the plasma spray process. In addition, the cooling rate and the
dehydroxylationaso became higher, which aso promoted the formation of ACP. On the other
hend, as the SOD increased, the substrate temperature decreased and the cooling rate gresatly
increased. Aswell, the HA powders suffered more meltingand dehydroxylation, thus, more ACP
formed. Another important reason for the crystalinity decrease at longer SOD isthat some of the
unmelted larger paticles were blown awvay before they impacted on the substrate. This
phenomenon is evidenced by the fact thet the depostion efficiency (messured by the coating
thickness) decreased around 40% when the SOD increased from 80 mm to 160 mm.

The quantitativeanalysisof impurity pheses and their formation mechanism have been shown
in another work.” Worthy of stress hereisthe change of CaO content for different coatings, which
wasfound to affect the characteristicsof the OH band in the FTIR spectracf the HA coatings.

FTIR andysis In additionto XRD, FTIR is another important characterization method for
plasma sprayed HA coatings since it can give more features which can not be easily obtained
using XRD. The spectra of HA powdersand coatings were shown in Fig. 3. The 961 cm™ band,
characteristic of non-degenerate symmetric stretching of the PO, group (vi) in HA, disappearedin
al HA coatings. The doubly degenerate O-P-O bending band (v;) @ 434 ¢cm™ and 471cm’ in
references' >'® were not visiblein the spectracf both HA powdersand coatings, but there were two
weak peaks at 409 cm™ and 426 cm™ in the spectra of HA powders. The origina asymmetric O-P-
O stretching vibration band (vs) at 1040 cm™ and 10% cm till existed in HA coatings, while the
splitting of these two bands decreased with the crystdlinity of the HA coatings. The triply
degenerateasymmetric O-P-O bending band (v4) at 609 em™ and 563 cm™ (sometimesalong with
a wesker shoulder at 549 cm™) a0 till existed and their splitting exhibited the same trend with
respect to the crystdlinity of the HA coatings.

In addition to PO4™ groups, both of the two characteristicOH bandsof HA changed greatly
after spraying. The flexural band at 633 em™ disappeared in the pectra of all coatings. The
stretching band @ 3570 cm™ obvioudly decreased in intensity for the coatings sprayed at 80 mm
and dmost disappeared for the coatings sprayed at 160 mm. As it was mentioned before, during
plasmaspraying, the HA powderswere dehydroxylatedand some of theOH in the crystallineHA
waslost, so the HA vis partly transformed into OAp,® which became a solid solution in HA,; i.e.,
OHA at room temperature. Due to the similar structure between HA and OAp, or OHA, this
difference can not be easily identified by XRD. So it can be concluded that the originaly
identified HA are actualy OHA. The HA powders were subjected to more dehydroxylation a
longer SOD; thus, the 3570 cm™ band vias dmost invisiblefor the coatings sprayed at 160 mm as
showninFig. 3. It hasbeen shown by XRD that the coatings sprayed at 160 mm were much more
amorphous than those grayed at 80 mm, 0 the FTIR resuits aso verified thet the two
characteristic OH bands of HA did not exist in the amorphous phase. Further investigationsare
needed to distinguish between OAp or OHA.

In addition tot he above two OH bands, a new OH band appeared at 3641 cm™ in the spectra
of HA coatings, which is not from the HA structure, but related to the surface Ca(OH), phase.’
This band is very obvious in the spectradf the coatings sprayed at 42 kW, but not obvious in
coatings prepared at 27.5kW. Thisis congstent with the XRD resultssince coatings sprayed at 42
kW demonstratehigher decompositionand CaO contents.

The crystallinity of the HA coatings can dso be quantitatively determined using FTI R
according to Termine and Posner.'® They found that the F11 R spectraof HA exhibited a gradual
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splittingof the v4 band at 600 cm™ from a broad singlet for ACP to a well-defined doublet for the
fully crystaline HA. The splitting function (SF) was calculated as the ratio of the splitting area
(formed by connecting the two minimum transmission points on the band) to the arealimits of the
band (formed by drawing a base line & the high transmission ends of the absorption band). Thus,
the SF is zero for a complete ACP where a single broad peek exists and increased with the
crystalinity. This method was gppropriate for the two coatings Sorayed at 80 mm, which are
relatively crystalline. But for the two rather amorphous coatings, the area limits were not egsy to
determinedueto the shapeof the band as shown in Fig. 3. Onthe other hand, as mentioned before,
the splitting of the v band at 1040 cm™ and 1096 cm™ aso increased with the crystallinity of HA
coatings.
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Figure 3. FTIR spectra of HA powders(a) and plasmasprayed HA coatings(b)
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Surface Morphology and Roughness

The surface morphologiesof the HA coatingsareshown in Fg. 4. The morphology of the coating
sorayed a 27.5 kW and 80 mm (Fig. 4a) was dominated by unmelted and partially melted
particlesover a small amount of flattened splats. These particles werequite large with a partially
melted skin or have been crushed into fine particles which spread on the splat. This result is
consistent with the XRD result since this coating exhibitsthe highest crystalinity. Even at the
same power (27.5 kW), the coating morphology changed significantly when the SOD increased to
160 mm, as shown in Fig. 4b. Despite Some unmelted fine particles, the morphology wasmainly
composed of glassy phases including flattened splats, accumulated splats and spheroidized
particles. No large particlesexisted in this morphology. Such morphological features agree with
the explanation for the XRD results presented previoudy; i.e, some of the unmelted larger
particles were blown away before they impacted on the substrateat longer SOD. In addition, at
longer SOD, the particle velocity decreased, so even if some particleswere wholly mdted, they
were transformed to spheroidized particles or accumulated splats instead of flattened splats. The
morphologiesof the coatings sprayed at 42 kW (Fg. 4c and 4d) showed that the particleswere
much better melted, which also mirrored the XRD results. The coating sprayed at 80 mm (Fig. 4¢)
mainly condsted of flattened and accumulated splats as well as some spheroidized and partialy
melted particles. On the other hand, for the coatings sprayed at 160 mm (Fig. 4d), amogt all
powders were melted and the main characteristicswere glassy flattened and accumulated splatsas
well as somespheroidized particles.

(C) 42 kW / 80mm (d) 42 kW / 160 mm

Figure4. Surface morphologiesof plasma sprayed HA coatings
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The surface roughness of the HA coatings, Fg. 5, reflects the irregular morphology of the

coating surface. The coating sprayed at 80 mm generdly resulted in rougher surface with the
coexistence of several surface characterigtics (e.g., partidly mdted particles, accumulated splats,
flattened splats and spheriodized particles) while the longer SOD lead to alower roughness. The
coating sprayed at 27.5 kW and 80 mm aso exhibitsalow surface roughnesssince its morphology
isdominated by the unmelted powders.
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Figure5. Surface roughnessaof plasmasprayed HA coatings

CONCLUSIONS
Plasmasprayed HA coating surfaceswere characterized usng XRD, FTIR, SEM and profilometry
and thefollowing conclusonsmade:

¢y

2

3)

The HA coatings have different compostion and structure from those of the feedstock HA
powders. XRD reveded the presence o crystdlineHA, ACP and some crystalineimpurities
including aTCP, B-TCP, TTCP and CaO. FTIR reflected the changes of both OH and PO*
bandsafter spraying and showed that the HA phese identified by XRD wasactualy OHA.
The phase compostion of HA coatings varied with respect to the spray parameters. The
crygdalinity decreased with increasing spray power and SOD, the TCP, TI'CP and CaO
contents increased with the spray power while the CaO contents were significant at both
higher power and longer SOD. The origind OH band characteristic of HA at 3570 cm™
decreased in intengity for coatings Sorayed at 80 mm while it dmost disappeared for coatings
sorayed at 160 mm. Al these effects were relaed to the melting, dehydroxylation,
decomposition, cooling rate and deposition efficiency in the plasmaspray process.

The surface morphology of the coating sprayed at higher power and longer SOD reveded
much better particle mdting, and the surface roughness reflected the irregular morphology of
the surface, whichwereall cons stent with the phase composition andysis.

NOMENCLATURE
ACP.  Amorphouscacium phosphete APS.  Atmospheric plasmaspray
FTIR: Fouriertrandforminfrared spectroscopy . HA: Hydroxyapstite
OAp: Oxyapatite OHA:  Oxyhydroxyapetite
SEM:  Scanning e ectron microscopy OD:  Stand-off distance
TCP.  Tricalcium phosphate TTCP: Tetracalcium phosphate

XRD: X-ray diffraction
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