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ABSTRACT 
HA is commonly applied to orthopaedic implants by thermal spraying. The thermal 
spraying methods used induce differences, not only in the macroscopic and microscopic 
properties of the coating, but also at the atomic level, which may compromise the long 
term stability of the coating. Three different thermal spray methods were investigated 
to determine the effect each would have on the final coating produced at the atomic 
level. The methods investigated were flame spraying, plasma spraying and high velocity 
oxy-fuel spraying. All three methods induced a distortion into the hydroxyapatite 
structure. The high velocity method was expected to produce the highest distortion, but 
this was not seen due to an annealing effect. Changes were also seen on the chemical 
level and carbonate found in the precursor powders was removed as determined by 
both X-ray diffraction (XRD) and Fourier Transform Infra Red spectroscopy (FI'IR). 
Furthermore, hydroxyl groups were removed during spraying, to form oxyapatite. 

INTRODUCTION. 
Hydroxyapatite (HA) has been established as a material for use in surgery [1,2] and 

is commonly processed by thermal treatment. However, thermal processing has been 
shown to induce changes in the structure of HA [3]. Thermal spraying is currently a 
commonly used method for coating prostheses to produce cementless fixation. The 
thermal spraying methods utilise high temperatures and velocities, to give the desired 
coating, but these vigorous conditions can induce significant changes in the HA. 
Microstructural analysis has shown that the thermal processing methods considerably 
alter the morphology of the powder and XRD also has detected changes in the HA to 
an amorphous state, to give a semi-crystalline coating. However, XRD can detect more 
subtle changes in the coatings, down to the atomic level, by Rietveld analysis. These 
effects have previously been shown to be significant [3]. The changes detected may be 



3 12 Bioceramics Volume 8 

used, not only to assess the chemical quality of the coating, but also as a means of 
optimising the coating process. 

MATERIALS AND METHODS. 
HA was sprayed by three different techniques: flame spraying (FS), plasma spraying 

(APS) and high velocity oxy fuel (HVOF) spraying. The powders and variables used 
are detailed in Table 1. 

Table 1. Conditions used for producing coatings. 

APS HVOF 

Gases 

Stand off distance (cm) 
I 

Power level (kW) 
-- 

Terodyne 
- 

Jet Kote I1 Torch type Metco 3MB 

Powder particle size (pm) 

1 Spraying velocity (mdl) 

I Spraying temperature (T) 

Following coating, the HA was carefully removed from the substrate and analysed by 
X-ray diffraction (XRD). A data set was collected between 5 and 11028, using a step 
size of 0.02' and a sample time of 12 seconds. CuICa! radiation was used. The data set 
was analysed using General Structure Analysis Software. Samples were also analysed 
using a Nicolet 800 FI'IR spectrometer. 

RESULTS 
When spraying a powder by thermal methods, there are two main variables in the 

spraying, namely the temperature and the velocity. The three different methods used 
in this study were chosen to have markedly different temperatures and velocities, to 
highlight differences that the techniques may introduce. The first variable examined 
was the velocity, which was measured indirectly by calculation of any physical distortion 
in the HA from the distortion of the PO4 tetrahedra, as shown in Figure 1. The 
precursor powders show a relatively low distortion index of around 2. Following 
spraying, irrespective of method, this index increases. Consideration of the source of 
the distortion leads to the conclusion that velocity is the major influencing factor. 
However, the HVOF method, while having a signif~cantly higher spraying velocity, does 
not introduce the highest distortion. This result may be accounted for by the annealing 
effect in the HVOF method. The HVOF method has a large heat zone, which extends 
as far as the substrate. The substrate is heated and thus distortion is annealed out. The 
APS method however, has a localised heat zone and no annealing occurs, giving the 
high distortion index. 
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Precursor Powder 
Sprayed powder 

Flame Spray Plasma Spray HVOF Spray 

Figure 1. Change in distortion index using different thermal spray methods. 

Precursor Powder 
Sprayed powder 

Flame Spray Plasma Spray HVOF Spray 

Figure 2. Effect of spraying methods on the hydroxyl channel radius. 
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Situated within the apatite structure, channels running parallel to the 'c' axis are 
seen and the radius of these channels may be measured, as shown in Figure 2. As 
expected, a comparison of before and after spraying shows that the channels shrink. 
In order to determine why the channels are shrinking, further analysis was performed 
for specific bonds associated with the hydroxyl channels (so designated, because the 
hydroxyl groups reside within these channels). Measurement of the Ca(OH)2 bond 
length reveals sig

nifi

cant changes foUowing thermal spraying. The precursor powders 
both show bond lengths of approximately 2.4 A Following spraying, these bond lengths 
all drop to values of between 2.355 and 2.365 a ~ i ~ c a n t  reduction in bond length. 
Determination of the hydroxyl oxygen occupancy (nd  detailed here) show a reduction 
in occupancy from above 0.5 to values below 0.5. A value of 0.5 is expected when 
hydroxyl groups occupy this site. If carbonate groups are located on this site, the 
occupancy rises to a value above 05. However, if only oxygen is associated with the 
site, the occupancy drops to below 0.5. From the results obtained, it may be inferred 
that carbonate is present in the precursor powder and is lost on thermal spraying. 
Furthermore, the rigorous conditions have also formed oxyapatite. In order to con f i i  
this conclusion, FTIR analysis was carried out on both the precursor powders and the 
sprayed surfaces. 

I[Il Precursor Powder 
Sprayed powder 

Flame Spray Plasma Spray HVOF Spray 

Figure 3. Effect of different thermal spray methods on the Ca(OH)2 bond length. 
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Figure 4. Infra red spectra for HA, before (lower) and after (upper) flame spraying. 

Labelled in Figure 4 are the peaks of interest, the hydroxyl peaks and the carbonate 
peaks. It can be seen that the starting powder contains significant amounts of 
carbonate in the structure. The hydroxyl peaks are also present in the starting powder 
as expected. Following spraying, the carbonate peaks show a reduction in intensity, 
indicating loss from the structure and furthermore, the hydroxyl peaks also show a 
reduction in intensity. Figure 5, shows an FI'IR analysis of the precursor powder 
before and after plasma spraying. This again shows a disappearance of both the 
hydroxyl peaks and also loss of the carbonate groups. Thus the FLlR results confirm 
the conclusions drawn from the data calculated from Rietveld analysis. 

CONCLUSIONS. 
The thermal spraying induces considerable changes in the structure of HA, detected 

by XRD in conjunction with FI'IR. XRD analysis is able to detect subtle changes in 
the structure of the sprayed HA, with distortion induced by the extremely high particle 
velocities used. Small chemical changes were also detected and confirmed by the use 
of FI'IR analysis. 
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Figure 5. Infra red spectra for HA, before (lower) and after (upper) plasma spraying. 

ACKNOWLEDGEMENTS . 
The continued support of the EPSRC for the IRC programme grant in Biomedical 

Materials is gratefully acknowledged. The authors also thank Dr. I. Rehman for his 
help with the FTIR analysis. 

REFERENCES. 

1. Wolke, J.C.G., Klein, C.P.A.T., de Blieck-Hogervorst, J.M.A. and de Groot, K, 
In: Proceedings of the 1993 National Themtat Spray Conference, Ed. by Berndt, C.C. 
and Bernecki, T.F. ASM International, 619-628. 

2. Almby, B. and Hierton, T. Acta Orfhop. Scand., (1982) 53, 398-406. 
3. Abraharns, I. and Knowles, J.C. J.Mat.Chem., (1994), 4(2), p185-188. 


