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High-Velocity Oxyfuel Thermal Spray Coatings 
for Biomedical Applications 

J.D. Haman, A.A. Boulware, L.C. Lucas, and D.E. Crawmer 

Plasma spraying is used to produce most commercially available bioceramic coatings for dental im- 
plants; however, these coatings still contain some inadequacies. Two types of coatings produced by the 
high-velocity oxyfuel (HVOF) combustion spray process using commercially available hydroxyapatite 
(HA) and fluorapatite (FA) powders sprayed onto titanium were characterized to determine whether this 
relatively new coating process can be applied to bioceramic coatings. Diffuse reflectance Fourier trans- 
form infrared (FTIR) spectroscopy, x-ray diffraction (XRD), and scanning electron microscopy (SEM) 
were used to characterize the composition, microstructure, and morphology of the coatings. The XRD 
and FTIR techniques revealed an apatitic structure for both HA and FA coatings. However, XRD patterns 
indicated some loss in crystallinity of the coatings due to the spraying process. Results from FTIR showed 
a loss in the intensity of the OH- and F- groups due to HVOF spraying; the phosphate groups, however, 
were still present. Analysis by SEM showed a coating morphology similar to that obtained with plasma 
spraying, with complete coverage of the titanium substrate. Interfaeial SEM studies revealed an excellent 
eoating-to-substrate apposition. These results indicate that with further optimization the HVOF thermal 
spray process may offer another method for producing bioeeramic coatings. 

1. Introduction 

A MAJOR need for orthopedic and dental implants is improve- 
ment of long-term implant stabilization. Many methods of stabi- 
lization have been attempted, often with mixed results. The use 
of ceramic coatings on press-fit metallic implants is one area of 
study. These ceramic coatings have the same chemistry and 
structure as the mineral component of bone (Ref 1). The purpose 
of the implant coatings is to bond with the adjacent osseous tis- 
sue. The application of ceramic coatings can be achieved in sev- 
eral ways, such as ion beam sputter deposition, electrophoretic 
deposition, and plasma spraying (Ref 1-6). However, these 
methods of coating often induce material transformations due to 
excessive heating at some point in the coating process (Ref 7-9). 
Other problems such as poor coating-to-substrate bond strength 
and the presence of cracking and porosity have been noted (Ref 
10,11). 

Ceramics such as hydroxyapatite (HA) and fluorapatite (FA) 
at elevated temperatures (beginning around 1300 ~ initially 
transform into ct-tricalcium phosphate and upon further heating 
transform to tetracalcium phosphate and calcium oxide. These 
materials have mechanical properties and solubilities different 
from those of HA and FA (Ref 12-14). In most dental applica- 
tions, the solubility and mechanical properties of these bio- 
ceramic coatings are of great importance----especially the effect 
of these properties on implant stabilization. 

Other factors that affect implant stabilization include coating 
crystallinity and density. The typical plasma spray process heats 
the sprayed materials to melting. In bioceramics, although this 
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increases adhesion of the coating material to the substrate, it also 
increases the amount of phase transformations and the amor- 
phous content of the coatings. This increase in amorphous con- 
tent increases the solubility of the coatings and may decrease the 
effectiveness of the implant. A less dense coating will also re- 
duce that effectiveness by reducing the mechanical strength and 
increasing the solubility of the coating (Ref 15-17). 

The present study has employed high-velocity oxyfuel 
(HVOF) thermal spraying to produce HA or FA coatings on tita- 
nium. The starting powders and as-sprayed coatings were ana- 
lyzed chemically, microstructurally, and morphologically. 

2. Materials 

Hydroxyapatite and fluorapatite powders were obtained 
from Miller Thermal, Inc. (Appleton, WI). The diameter of the 
HA powders ranged from 15 to 118 lam (a mean size of 37.6 + 
0.394 lam was determined by sieving), while the FA particles 
ranged from 22 to 79 I.tm (Fig. 1), with a mean size of 40.12 + 
0.4153 lam. Rectangular titanium (ASTM F 67) coupons were 
obtained from Metal Samples, Inc. (Munford, AL). The coupons 
were ultrasonically cleaned, sandblasted with 60 grit A1203 at 40 
psi, rinsed in alcohol to remove any remaining contaminants. 
and then coated with either HA or FA. 

3. Methods 

In this study, HVOF spraying was performed using hydrogen 
as the primary fuel and nitrogen as the carrier gas. Spraying pa- 
rameters are shown in Table 1. 

Chemical analysis of the powders and as-sprayed coatings 
was performed using a Mattson Research Series Fourier trans- 
form infrared (FFIR) (Mattson Research Series FTIR, ATI In- 
struments, North America, New Hope, PA) spectrometer with a 
Spectra-Tech (Spectra-Tech, Inc., Stamford, CT) diffuse reflec- 
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Fig. 1 Powder particle size distribution for both HA (o) and FA (~) 

Table 1 HVOFspraying parameters 

Parameter HA coating FA coating 
Gun type HV 2000 HV 2000 
Nozzle size, mm 19 19 
Spray distance, nun 304.8 304.8 
Traverse speed of gun, 30.48 30.38 

m/min 
Increment, mm 2.54 2.54 
Preheat substrate No No 
Oxygen (at 1.03 MPa), 235.96 235.96 

L/min 
Fuel (H 2) (at 1.03 MPa), 566.30 566.30 

L/min 
Carrier (N2) (at 0.69 16.52 16.52 

MPa), L/rain 
Powder, g/min 15 15 

tance accessory. For these analyses, both the starting powders 
and powders scraped from the as-sprayed coatings were mixed 
with potassium bromide (KBr) in a 1:99 ratio. Mid-range (from 
4000 to 500 cm -l) FTIR spectra were taken with the use of a liq- 
uid-nitrogen-cooled detector. The resulting spectra were then 
plotted with the wavenumbers (cm -~) versus Kubelka-Munk 
units. Kubelka-Munk units are the result of  a normalizing pro- 
gram that removes spectral reflectance from the spectrum. Trip- 
licate samples of  the starting powders and as-sprayed coatings 
were analyzed. 

Structural analysis of  the powders and as-sprayed coatings 
was conducted using a Siemens D500 (Siemens Analytical X- 
ray Instruments, Inc., Madison, WI, USA) diffractometer at 40 
keV and 30 mA. Scans were run from 10 ~ to 60 ~ 20 with a step 
of  0.02 and a time increment of  3 s. Copper Kc~ x-rays, o f  wave- 
length 1.5418 /~, were generated and incident x-rays passed 
through 1 ~ 0.6 ~ and 0.05 ~ slits of the x-ray diffractometer 
(XRD). Triplicate samples of each starting powder and as- 
sprayed coating were analyzed. Crystalline structure (lattice pa- 
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Fig. 2 FTIR of starting powders. (a) HA. (b) FA 

rameters) and interplanar spacings were determined to compare 
the starting powders and as-sprayed coatings to JCPDS (Joint 
Committee on Powder Diffraction Standards) standards for HA 
and FA. 

Morphology was analyzed using a Philips 515 (Philips Elec- 
tronics North America, New York, NY, USA) scanning electron 
microscope (SEM). Three topographical samples and three 
cross sections from each coating were studied. All samples were 
coated with approximately 20 nm Au-Pd to prevent charging. In- 
terfacial samples were ground and polished using 60 through 
1500 grit SiC paper and 1.0 through 0.05 p.m A1203 slurries. 

4. Results 

Analyses of  the HA and FA starting powders by FTIR and 
XRD revealed an apatitic structure. The presence of hydroxyl 
(3570 cm -1) and fluor (630 cm -1) groups in the HA and FA pow- 
ders, respectively (Fig. 2), was indicated by FTIR analysis. 
Phosphate groups characteristic of  the apatitic structure .of HA 
and FA are noted in Fi~g. 2(a) and (b). Some carbonates (broad 
band around 1450 cm- ) were found in both p wders. X-ray dif- 
fraction analysis (Fig. 3) indicated that the powders matched 
JCPDS files for HA (9-0432) and FA (15-0876) in both peak po- 
sitions and lattice parameters. These powders were highly crys- 
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Fig. 3 XRD of starting powders. (a) HA. (b) FA 
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Fig. 4 FTIR of as-sprayed coatings. (a) HA. (b) FA 

Table 2 Lattice parameters for the apatite mater ia ls  

Material HA (.~) FA (~) 

JCPDS a = 9.418 a = 9382 
c = 6.884 c = 6,880 

Starting powder a = 9.491 _+ 0.009 a = 9.3427 4- 0.015 
c = 6.912 4- 0.013 c = 6.8575 4- 0.013 

As-sprayed coating a = 9.414- 0.005 a = 9.3715 4- 0.007 
c = 6.88 4- 0.0l I c = 6.8574 4- 0.007 

talline, as can be seen by the sharp peaks and flat baselines in 
Fig. 3. Lattice parameter data are given in Table 2. Both the HA 
and FA starting powders had very similar lattice parameters 
compared to those found in JCPDS card files for the respective 
materials. However, since JCPDS does not include standard de- 
viation information, it cannot be determined whether a for both 
powders is significantly different from the standards. Lattice pa- 
rameters a and c appear to be slightly higher for the HA powders 
and lower for the FA powders. 

Analyses  by FTIR and XRD of  the as-sprayed HA and FA 
coatings also revealed an apatit ic structure. The FTIR spectra 
of  the as-sprayed coatings indicated that some hydroxyl  and 
fluor groups were lost, which is seen as a relative loss in peak 
intensity (Fig. 4). The phosphate peaks lost definition and 
merged into a broad single peak centered around 1060 cm -1 
in the FA coatings and 1050 cm -1 in the HA coatings. AI- 

though no significant peaks for other phases were seen, small 
shoulders,  possibly indicating phases such as I]-TCP (875 cm-  
]), were observed. Carbonate peaks (1400 cm -1) were also 
noted in both coating materials. 

Overal l  XRD patterns showed that the coatings matched 
peak posit ions and lattice parameters  with those of  JCPDS 
files for HA and FA, respectively. As-sprayed coating XRD 
results (Fig. 5) show that the basel ines for both HA and FA are 
no longer fiat, with bulges centered around 30 ~ and 49 ~ 20, 
and indicate that crystall inity has been reduced. Lattice pa- 
rameter  data are given in Table 2. Student's t-tests of  the lattice 
parameters showed no significant difference (~  = 0.05) be- 
tween the starting powder lattice parameters and the as-sprayed 
coating lattice parameters. 

Topographical  micrographs of  the as-sprayed coatings 
(Fig. 6) show coatings composed of  splats, granular areas, 
and respheroidized droplets. The coatings were contiguous, 
with any cracking confined within the splats. Interfacial or 
cross-sectional  micrographs (Fig. 7) exhibit  no cracking 
within the bulk of  the coatings; however, porosity on a very 
small  scale was observed. This porosity was part ly due to the 
polishing process. Close apposit ion of  the coating to the sub- 
strate was noted for both HA and FA as-sprayed coatings. The 
interracial  micrographs also indicate a lamel lar  coating struc- 
ture. 
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Fig. 5 XRD of as-sprayed coatings. (a) HA. (b) FA 

5. Discussion 

Comparison of the as-sprayed FTIR spectra for the HA and 
FA coatings with the spectra for their respective starting pow- 
ders reveals a loss of  intensity and definition of the hydroxyl, 
fluor, and phosphate peaks. Coupled with the loss of peak inten- 
sity and baseline flatness observed in the XRD spectra of the as- 
sprayed powders, this indicates a decrease in crystallinity as 
compared to the starting powders. This loss of crystallinity is 
most probably due to the partial to complete loss of long-range 
atomic order, or "melting," of the mid-range and smaller parti- 
cles in the starting powder during the coating application. The 
presence of secondary phases is also evident in FTIR and XRD 
spectra of both coatings. However, the relatively sharp peaks 
with no significant shifts (seen in both F'FIR and XRD spectra of  
the coatings) suggests that the "molten" particles were a very 
small component of the coatings. Again, the melting of  some 
particles indicates that processing temperatures were suffi- 
ciently high to cause at least some phase transformations. Re- 
suits of both FFIR and XRD analyses show some peak 
broadening and loss of  symmetry; however, the XRD results 
suggest that the extra phases were a very small component of  the 
coatings. The lattice parameter data for the HA and FA starting 
powders were very similar to those of  the JCPDS standards; 
some differences in the a parameter may be due to the influence 
of the carbonates observed in the PTIR analyses (Ref 11). The 

(a) 

(b) 

Fig. 6 Topographical SEMs of as-sprayed coatings. Arrows indicate 
cracking within the splats. Splats, granular areas, and resolidified 
droplets are indicated by a, b, and c, respectively. (a) HA. (b) FA 

lattice parameters of  the coatings were not significantly differ- 
ent from the starting powders, indicating that some other phases 
may still be present. Carbonates and other phases were also ob- 
served in the FTIR analyses of  the as-sprayed coatings. 

As with plasma spraying, the topography of  coatings created 
by HVOF thermal spraying is dependent, in part, on the size of  
the starting powders. Powder sizes from 15 to 30 ~tm tend to lose 
long-range order and respheroidize, whereas larger particles (80 
to 120 gtm) tend to result in granular areas. Splats are usually 
formed by the mid-range particles (i.e., 50 to 80 lam) (Ref 18). 
The topography of  the FA coatings indicates that the particle 
sizes present in the starting powder were primarily mid to high 
range. This agrees with the actual size range of the starting pow- 
ders. The HA topography also agrees with the wide range (15 to 
118 gtm) of  the starting powders, containing all three types of  
morphology. 

The lamellar structure visible in the cross-sectional mi- 
crographs is due to the layering of  splats, granular areas, and re- 
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Fig.'/ Cross-sectional SEMs of as-sprayed coatings. The coating/sub- 
strate interface is indicated by arrows. Areas of apparent lamellar 
structure are circled. (a) HA. (b) FA 

spheroidized droplets. The large, irregularly shaped pores in 
both coatings are partly a result of the granular areas pulling out 
during sample preparation. The lack of evidence of cracking in 
the bulk and near-surface areas of both coatings indicates that 
the crack sizes are very small. A probable explanation for this 
occurrence is the rapid cooling of the surface after deposition 
(Ref 2). 

It may be argued that close apposition of a coating to its sub- 
strate is the first step of good mechanical bonding. Therefore, 
the close apposition of both coating materials to the titanium 
substrates could lead to good coating-to-substrate bond 
strengths. Other coating materials in the wear and supercon- 
ducting coating fields have been shown to gain improved coat- 
ing-to-substrate bond strength when applied by HVOF thermal 
spraying rather than plasma spraying (Ref 18-23). Some inves- 
tigators have suggested that this is due to the higher impinging 
forces of the particles on the metal (Ref 20, 24). Other data indi- 

cate that these higher impinging forces create a denser micro- 
structure than that produced by plasma spraying (Ref 19-22). 

6. Conclusion 

In this study, the HVOF thermal spraying process was used to 
produce HA and FA coatings on titanium substrates. The coat- 
ings exhibited good contiguity over the substrate, with good ap- 
position. Analyses of the powders and the coatings by FTIR and 
XRD indicate that the coatings are very similar to the starting 
powders in terms of chemistry and microstructure. As a result, 
HVOF thermal spraying appears to be capable of producing apa- 
titic coatings that completely cover the substrate, with little 
cracking or porosity. However, before the process can be recom- 
mended for commercial use, it requires further optimization by 
relating coating apposition to bond strength and by minimizing 
phases other than HA or FA. 
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