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ABSTRACT 
Plasma sprayed hydroxyapatite (HA) coatings have been widely used for dental and 

orthopedic applications for fast fixation between the implant and the human anatomy. In this 
study, the HA coatings were atmospherically 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) revealed the presence of crystalline HA, amorphous calcium phosphate 
(ACP) and some other crystalline phases including tricalcium phosphate (a-TCP and P-TCP), 
tetracalcium phosphate ('ITCP) and calcium oxide (CaO). Fourier transform idtared (FTIR) 
spectroscopy showed that both OH and P04343 bands of HA changed after spraying and the HA 
phase identified by XRD was actually the solid solution of oxyapatite (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 analyzed via scanning 
electron microscopy (SEM) and profilometry respectively, and the results related to the phase 
composition 

INTRODUCTION 
Plasma sprayed hydroxyapatite [Ca10(P04)6(OH)2, i.e., HA] coatings on metallic 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 cementless fixation.ls2 HA 
coating also enhances the bone ingrowth3 and protects the surrounding bone agamst metal-ion 
release from the metallic implant4 It has been indicated that the composition and 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 rate2 Some amorphous calcium phosphate (ACP), 
tricalcium phosphate (a-TCP and P-TCP), tetracalcium phosphate (TTCP) and calcium oxide 
(CaO) were detected using X-ray diffraction (XRD) in previous ~tudies.'"~~~' In addition, a solid 
solution of oxyapatite (OAp) in HA, i.e., oxyhydroxyapatite (OHA), also formed in HA coatings 
due to the dehydroxylation of HA, which was usually examined using Fourier Transform Infrared 
@TIR) ~pectroscopy.~*~~ Hydroxyapatite is a very stable phase in body fluids, but the dissolution 
rates of all new phases were found much higher than HA, which is in the order of ACP >> TTCP 
> a-TCP > OHA > P-TCP >> HA and will possibly lead to degradation of the HA coating.8"0 
Calcium oxide has no biocompatiability and dissolves sigmficantly faster than TCP" and, thus, it 



is a detrimental phase for the overall implant structure. The phase composition of HA coatings 
generally varied as a result of different spray parameters and led to different dissolution rates of 
HA coatings in physiological solutions. The coating surface is especially of importance, since, 
once implanted, it is directly in contact with the bone and body fluid, and the dissolution rate of 
the surface will be a deciding factor for both the fixation period and the fixation strength between 
the coating and bone.12 In addition to the phase composition of the coating surface, some 
microstructural evolution characteristics such as surface morphology and surface roughness also 
affect the dissolution rate of the HA coating. 

The present work aims to investigate the surface characteristics of the HA coatings sprayed 
using different spray power and SOD. These technological details of thermal spray are expected to 
manifest themselves with regards to the in vitro and in vivo behavior of the HA coatings. 

EXPERIMENTAL 
Plasma Spraying 

The feedstock were fully crystalline pure HA powders with a particle size distribution in the 
range of 10 - 120 pn. They were produced by spray drying followed by heat treatment. A Metco 
3MB plasma torch with a GH nozzle (Sulzer Metco, Westbury, NY) was used for the atmospheric 
plasma spray (APS) process. Argon was used as the primary gas (at 50 slpm) and the carrier gas 
(at 3.65 slpm). Hydrogen was used as the s e c o n m  gas while its volume was adjusted to obtain 
different spray voltages. The powders were sprayed at 14 ghin and three types of spray power 
and two stand-off distances were used. The mild steel substrates were grit-blasted using A1203 grit 
and cleaned with acetone before spraying. All coatings were sprayed for the same number of 
passes and the thickness varied fkom 70 to 120 pn owing to the different deposition efficiencies. 

Surface Characterization 
The HA coating surfaces were scanned using a computer controlled Philips PW 1729 X-ray 

diffractometer with CuKoll radiation at 40 kV and 30 rnA. The goniometer was set at a scan rate of 
0.005 Olsec over a 28 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.' The crystallinity of the HA coating was calculated using the following equation: ' J 

Where Ac is the total integrated intensity of all HA peaks within 25-37O (All angular terms are 
expressed in terms of 20). It is calculated by multiplying the area of the most intensive (21 1) peak 
of HA by 3.23, which is the ratio of the total intensity of all HA peaks within 25-37O in JCPDS 
card (9-432) to the intensity of the (211) peak. The term "AA'' is the integrated intensity of the 
ACP phase, which was evaluated using the area of the amorphous hump between 25Oand 37O. All 
peak area calculations were performed using curve fitting and the error was estimated within five 
percent of the mean value. 

A Nicolet MAGNA-IR 760 spectrometer was used to record the in t iad  spectra of the HA 
powders and coatings. Feedstock powders or powders scmped from the coating surface were 
mixed with KBr at a weight ratio of around 1:20 and pressed into pellets. The spectra were 
acquired aver the range of 400 - 4000 mi1 with a resolution of 4 mi1. Each spectrum was scanned 
4 times to increase the signal-to-noise ratio. 

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 



coating was measured using a Hommel Tester TlOOO Profilometer and each coating was measured 
15 times to obtain average value. 

RESULTS AND DISCUSSION 
Phase Analysis 

XRD analysis: Figure 1 shows the XRD patterns of the HA coatings sprayed at different 
powers and SODS. At the same SOD, when the spray power inmxsed, the overall intensity of HA 
peaks decreased and the amorphous hump became more obvious. Meanwhile, the peaks of all 
impurity phases (a-TCP, P-TCP, TTCP and CaO) also increased. On the other hand, at the same 
spray power, the intensity of all HA peaks decreased appreciably and the amorphous hump 
became sigruficant when the SOD increased from 80 mm to 160 mm. The peaks of a-TCP, P-TCP 
and TTCP did not exhibit obvious changes while the CaO peaks increased significantly with the 
SOD at higher spray power. 
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Figure 1. XRD patterns of HA coatings sprayed at different spray power and SOD. 
"a" is a-TCP, "fl" is P-TCP, "T' is l T P ,  "*" is CaO. All other peaks belong to HA. 

Figure 2. Crystallinity of HA coatings sprayed at different power and SOD 
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The crystallinity of the HA coatings is shown in Fig. 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 powders will 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 
dehydroxylation also became higher, which also promoted the formation of ACP. On the other 
hand, as the SOD increased, the substrate temperature decreased and the cooling rate greatly 
increased. As well, the HA powders suffered more melting and dehydroxylation, thus, more ACP 
formed. Another important reason for the crystallinity decrease at longer SOD is that some of the 
unmelted larger particles were blown away before they impacted on the substrate. This 
phenomenon is evidenced by the fact that the deposition efficiency (measured by the coating 
thickness) decreased around 40% when the SOD increased from 80 mm to 160 mm. 

The quantitative analysis of impurity phases and their formation mechanism have been shown 
in another Worthy of stress here is the change of CaO content for different coatings, which 
was found to affect the characteristics of the OH band in the FITR spectra of the HA coatings. 

FTIR analysis: In addition to 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 powders and coatings were shown in Fig. 3. The 961 cm-' band, 
characteristic of non-degenerate symmetric stretching of the PO4 group (vl) in HA, disappeared in 
all HA coatings. The doubly degenerate O-P-0 bending band (vZ) at 434 cm-' and 471cm-I in 
references'"16 were not visible in the spectra of both HA powders and coatings, but there were two 
weak peaks at 409 cm" and 426 cm-' in the spectra of HA powders. The original asymmetric O-P- 
0 stretching vibration band (v3) at 1040 cm-' and 10% cni' still existed in HA coatings, while the 
splitting of these two bands decreased with the crystallinity of the HA coatings. The triply 
degenerate asymmetric 0-P-O bending band (v4) at 609 mi' and 563 cm" (sometimes along with 
a weaker shoulder at 549 cm-') also still existed and their splitting exhibited the same trend with 
respect to the crystallinity of the HA coatings. 

In addition to P04" groups, both of the two characteristic OH bands of HA changed greatly 
after spraying. The flexural band at 633 cm-' disappeared in the spectra of al l  coatings. The 
stretchmg band at 3570 cm-' obviously decreased in intensity for the coatings sprayed at 80 mm 
and almost disappeared for the coatings sprayed at 160 mm. As it was mentioned before, during 
plasma spraying, the HA powders were dehydroxylated and some of the OH in the crystalline HA 
was lost, so the HA was partly transformed into O A ~ , ~  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 originally 
identified HA are actually OHA. The HA powders were subjected to more dehydroxylation at 
longer SOD; thus, the 3570 cm-' band was almost invisible for the coatmgs sprayed at 160 mm as 
shown in Fig. 3. It has been shown by XRD that the coatings sprayed at 160 mm were much more 
amorphous than those sprayed at 80 rnm, so the FTIR results also verified that the two 
characteristic OH bands of HA did not exist in the amorphous phase. Further investigations are 
needed to distinguish between OAp or OHA. 

In addition to the 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 &ace Ca(OH)2 phase.'7 
This band is very obvious in the spectra of the coatings sprayed at 42 kW, but not obvious in 
coatings prepared at 27.5 kW. This is consistent with the XRD results since coatings sprayed at 42 
kW demonstrate higher decomposition and CaO contents. 

The crystallinity of the HA coatings can also be quantitatively determined using FTIR 
according to Termine and ~osner.'' They found that the FTIR spectra of HA exhibited a gradual 



splitting of the v4 band at 600 cm-' from a broad singlet for ACP to a well-defined doublet for the 
fully crystalline 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 area limits of the 
band (formed by drawing a base line at the high transmission ends of the absorption band). Thus, 
the SF is zero for a complete ACP where a single broad peak exists and increased with the 
crystallinity. This method was appropriate for the two coatings sprayed at 80 mm, which are 
relatively crystalline. But for the two rather amorphous coatings, the area limits were not easy to 
determine due to the shape of the band as shown in Fig. 3. On the other hand, as mentioned before, 
the splitting of the v3 band at 1040 cm-' and 1096 cm" also increased with the crystallinity of HA 
coatings. 
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Figure 3. FITR spectra of HA powders (a) and plasma sprayed HA coatings (b) 
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S u r b  Morphology and Roughness 
The surfiice morphologies of the HA coatings are shown in Fig. 4. The morphology of the coating 
sprayed at 27.5 kW and 80 mm (Fig. 4a) was dominated by m e l t e d  and partially melted 
particles over a small amount of flattened splats. These particles were quite 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 exhibits the highest crystallinity. 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 m e l t e d  fine particles, the morphology was mainly 
composed of glassy phases including flattened splats, accumulated splats and spheroidized 
particles. No large particles existed in this morphology. Such morphological features agree with 
the explanation for the XRD results presented previously; i.e, some of the unmelted larger 
particles were blown away before they impacted on the substrate at longer SOD. In addition, at 
longer SOD, the particle velocity decreased, so even if some particles were wholly melted, they 
were transformed to spheroidized particles or accumulated splats instead of flattened splats. The 
morphologies of the coatings sprayed at 42 kW (Fig. 4c and 4d) showed that the particles were 
much better melted, which also mirrored the XRD results. The coating sprayed at 80 mm (Fig. 4c) 
mainly consisted of flattened and accumulated splats as well as some spheroidized and partially 
melted particles. On the other hand, for the coatings sprayed at 160 mrn (Fig. 4d), almost all 
wwders were melted and the main characteristics were glassy flattened and accumulated splats as 
well as some spheroidized particles. 

(a) 27.5 kW / 80 mm (b) 27.5 kW / 160 mm 

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

Figure 4. S u r h  morphologies of plasma sprayed HA coatings 
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The surface roughness of the HA coatings, Fig. 5, reflects the irregular morphology of the 
coating surface. The coating sprayed at 80 mm generally resulted in rougher surface with the 
coexistence of several surface characteristics (e.g., partially melted particles, accumulated splats, 
flattened splats and spheriodized particles) while the longer SOD lead to a lower roughness. The 
coating sprayed at 27.5 kW and 80 mm also exhibits a low surface roughness since its morphology 
is dominated by the me l t ed  powders. 

Figure 5. Surface roughness of plasma sprayed HA coatings 

CONCLUSIONS 
Plasma sprayed HA coating surfaces were characterized using XRD, F'I'IR, SEM and profilometry 
and the following conclusions made: 

The HA coaVtings have different composition and structure h m  those of the feedstock HA 
powders. XRD revealed the presence of crystalline HA, ACP and some crystalline impurities 
including a-TCP, f3-TCP, TI'CP and CaO. FTIR reflected the changes of both OH and ~ 0 4 %  

bands after spraying and showed that the HA phase identified by XRD was actually OHA. 
The phase composition of HA coatings varied with respect to the spray parameters. The 
crystallinity 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 original OH band characteristic of HA at 3570 cm-' 
decreased in intensity for coatings sprayed at 80 mm while it almost disappeared for coatings 
sprayed at 160 mm. All these effects were related to the melting, dehydroxylation, 
decomposition, cooling rate and deposition efficiency in the plasma spray process. 
The surface morphology of the coating sprayed at higher power and longer SOD revealed 
much better particle melting, and the surface roughness reflected the irregular morphology of 
the surface, which were all consistent with the phase composition analysis. 

NOMENCLATURE 
ACP: Amorphous calcium phosphate APS: Atmospheric plasma spray 
FTIR: Fourier transform infrared spectroscopy HA: Hydroxyapatite 
OAp: Oxyapatite OHA: Oxyhydroxyapatite 
SEM: Scanning electron microscopy SOD: Stand-off distance 
TCP: Tricalcium phosphate TTCP: Tetracalcium phosphate 
XRD: X-ray diffraction 
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