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Studies on the Thermal Spraying 
of Apatite Bioceramics 

J.G.C. Wolke, J.M.A. de Blieck-Hogervorst, W.J.A. Dhert, CP.A.T. Klein, and K. de Groot 

Hydroxylapatite (HA) coatings on metal substrates have been investigated for many years. These coatings 
have proved to be compatible with bone. The degree of crystallinity of HA changed, and sometimes disso- 
ciation was observed with respect to the plasma spray process. However, the plasma spray process hardly 
altered the crystallographic structure, with only line broadening visible. The in vitro solubility is depend- 
ent on the degree of crystallinity of the coating. Tensile strength measurements on the strength of the coat- 
ing-substrate interface using various adhesives revealed a significant difference between epoxy resin and 
methacrylate. The failure mode of this tensile test was dependent on the coating thickness and surface tex- 
ture (polished versus nonpolished). In animal studies, the fixation of hydroxylapatite plasma-spray 
coated cylinders as well as noncoated Ti-6AI-4V cylinders (Ti) in cortical bone was evaluated using push- 
out tests. It appeared that HA-coated implants showed higher push-out strengths in the first months than 
the titanium implants, because of the earlier bone formation against the HA coating. 

1. Introduction 

THE first application of calcium phosphate materials as bone 
substitute or bone graft may be traced to Albee, lU who reported 
that a "triple calcium phosphate" compound, used in a bone de- 
fect promoted osteogenesis, i.e., new bone formation. Since 
then, numerous investigators have studied calcium phosphate 
implants for bone replacement. 

Bioactive ceramics [2] can be incorporated in living bone 
without the presence of a fibrous tissue interlayer between the 
bone and the implant due to their similarity with the mineral 
phase of the bone. The brittleness and poor strength of bulk bio- 
ceramics require that clinical application is limited to those sites 
in the human body where no cyclic load-beating forces are pre- 
sent. 

Therefore, calcium phosphate coatings on metallic substrates 
have been developed. [3,4] These thin coatings (about 50 ~m) on 
metal substrates have been applied by various techniques such 
as hot pressing, plasma or flame spraying, sputter deposition, frit 
enameling, electrophoretic deposition, and sol-gel deposition. [51 
The plasma spray technique is now used widely for biomedical 
applications such as total joint replacements and dental root im- 
plantations. Animal experiments have shown that hydroxylapa- 
tite (HA) plasma-sprayed coatings are biocompatible when im- 
planted in soft tissue or bone. t6-81 
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In the present study, the results of a study on some physical 
aspects of plasma-sprayed hydroxylapatite and fluorapatite 
(FA) coatings will be presented. The coatings were examined by 
measurements on X-ray diffraction, bonding strength, powder 
morphology, and solubility in various buffers. In addition, the 
results will be discussed in relation to previous in vivo push-out 
studies, as well as in relation to the theoretical background of 
this push-out test. 

The Appendix at the end of this article lists and defines some 
of the terms that are used in this discussion. 

2. Materials and Methods 

2.1 Starting Powders for the Plasma Spray Process 

Hydroxylapatite powder was obtained from Merck Inc. 
Fluorapatite was prepared by mixing 93.05 g tricalcium phos- 
phate with 7.80 g calcium fluoride; i.e., in stoichiometric pro- 
portions. The powders were granulated (1 to 2 mm) and sintered 
under an inert atmosphere. Thereafter, the granules were 
crushed, milled, and sieved. For HA and FA, two particle size 
distributions were used in the plasma spray process: 1 to 45 ~tm 
(designated as HA-45 and FA-45) with a mean particle size of 24 
and 25 ktm, respectively, and 1 to 125 ktm (designated as HA- 125 
and FA- 125), with a mean particle size of 60 and 64 ktm, respec- 
tively. 

Table 1 Plasma Spray Parameters  

Arc current .................................................................... 400A 
Arc voltage .................................................................... 62 V 
Arc gas .......................................................................... Nitrogen (44.8 l/min) 
Powder gas .................................................................... Nitrogen (5.1 l/min) 
Gun speed ...................................................................... 10 cm/sec 
Powder transport ............................................................ 10 to 15 g/min 
Cooling ......................................................................... Air 
Substrate distance .......................................................... 8 cm 
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Table 2 Surface Roughnesses of Substrate and Coating 

Surface Roughness, ktm 

Ti-6AI-4V (grit blasted) ....................................... 4.5 to 5.0 
HA-45 (coating) .................................................. 6.8 to 7.3 
HA-125 (coating) ................................................ 7.8 to 9.0 
FA-45 (coating) ................................................... 6.5 to 7. l 

Table 3 Tensile Strength and Failure Mode of HA 
Coatings Using Various Adhesives 

Strength Failure No. 
Adhesive MPa mode of tests 
Araldit AV 118 ......... 60.8 100% glue/HA 5 
3M 2241 .................. 38.3 100% glue/HA 5 
Lee Insta-Bond ......... 5.4 100% HA/Ti 3 
Concise .................... 11.7 100% HA/Ti 3 

Table 4 Tensile Strength and Failure Mode of HA 
Coating Versus Thickness 

Strength, Failure No. 
Thickness, ~tm MPa mode of tests 
40 ............................... 66.8 100% glue/HA 5 
80 ............................... 60.7 100% glue/HA 5 
120 ............................. 45.3 100% HA/ri 2 

100% glue/HA 1 

Table 5 Tensile Strength and Failure Mode of Polished 
and Unpolished HA-Coated Surfaces 

Surface Strength, MPa Failure mode No. of tests 
HA ............................. 60.8 100% glue/HA 5 
HA polished ................ 53.0 55% glue/HA 5 

2.2 Plasma Spray Parameters 

For the plasma spray process, a Metco MN system was used. 
The conditions for the plasma spray process are listed in Table 1. 

2.3 Substrates 

Cylindrical rods of Ti-6A1-4V (referred to as Ti) alloy were 
manufactured. All plugs measured 7.0 mm in length. The diame- 
ter of the plugs that were plasma-spray coated with HA was 5.0 
mm, and the diameter of the plugs that remained uncoated (Ti) 
was 5.1 mm. All plugs were grit blasted, cleaned ultrasonically, 
and dried at 100 ~ The 5.0-mm plugs were plasma sprayed 
with HA until a coating thickness of 50 ~tm was reached. Then all 
plugs were again cleaned ultrasonically in 100% ethanol to re- 
move any loose particles and then dried at 50 ~ 

Stainless steel plates were used (50 by 20 by 2 mm) for X-ray 
diffraction and solubility tests. The same grit blasting, cleaning, 
and drying procedures were used as for the HA plug specimens. 
Several plates were heat treated for 1 hr at 600 ~ in an inert fur- 
nace after plasma spraying. 

2.4 Surface Characterization 

The substrate surfaces were characterized by means of 
roughness measurements with a Taylor-Hobson profilometer. 

2.5 Tensile Bond Strength 

Tensile strength was determined on the coated Ti-6A1-4V 
rods, which were glued together with various epoxy glues (Ar- 
aldit AV 118, heated for 12 hr at 120 ~ or 3M 2214 heated for 1 
hr at 120 ~ or cold curing methacrylate glues (Concise or Lee 
cured for 15 min at 25 ~ This test was similar to the ASTM 
C633-69 test, and the major difference was the change in diame- 
ter of the plug. [9] Experiments were performed using a Houns- 
field mechanical testing machine with a crosshead speed of 5 
mm/min. The thickness of the coatings and surface texture (pol- 
ished versus unpolished) were varied. 

2.6 X-Ray Diffractometry 

X-ray diffraction patterns were measured on the plates using 
the following equipment and operational parameters: Philips 
automatic vertical X-ray powder diffractometer PW 1050, 
measuring system PW 1710, CuKa radiation (3-kW HV gener- 
ator PW 1130/90, 45 kV/33 mA; 0.018-mm nickel CuK~ filter), 
divergence slit 1 ~ receiving slit width 0.1 mm, xenon sealed 
proportional detector, and pulse height selection. 

2.7 Solubility Test 

Solubility experiments were performed on the plates using 
Michaelis and Gomori's buffer solutions at pH 7.2 and a tem- 
perature of 37 ~ Details on the preparation of these solutions 
are provided in Ref 7. The follow-up period was 3 months. The 
calcium and phosphate concentrations in the solutions were 
measured using a Varian AAS and a Vitatron spectrophotometer. 

2.8 In Vivo Experiments 

Healthy dogs were used for the experiments. The implants 
were inserted into the femoral bone. The implants were left in 
situ for 3, 5, 15, and 25 months. 

3. Results 

3.1 Roughness Values 

The roughness values measured for the coated and blasted 
surfaces are presented in Table 2. The roughness values are simi- 
lar for the various coated surfaces. 

3.2 Tensile Bond Strength 

Tensile strengths were measured only for the HA-coated 
specimens using the various adhesives and Araldit AV 118 as a 
function of coating thickness or surface texture. The tensile 
strengths of a typical HA coating are presented in Table 3. The 
coating thickness varied from 45 + 5 ~tm. 

The epoxy-based glues result in much higher strength values 
than cold curing (dental) cements. In addition, the failure mode 
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Figure 1 X-ray diffraction pattern of sintered HA feedstock pow- 
der. 
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Figure 2 X-ray diffraction pattern of HA-125 coating. The 
plasma gas is nitrogen. 

for the epoxy glues differs from those found in the dental ce- 
ments, where the locus of failure changes from the sub- 
strate/coating interface to the glue line of the specimen assem- 
bly. The Araldit AV 118 epoxy was chosen for further tests, 
because it exhibited the greatest adhesion strength. The FA coat- 
ings tested for adhesion by this method exhibited similar tensile 
strength as the HA coatings. 

For various coating thicknesses, the tensile strengths glued 
with Araldit AV 118 are presented in Table 4. Tensile strength 
measurements on the polished and unpolished HA-coated sur- 
faces glued with Araldit AV 118 are presented in Table 5. 

3.3 X.Ray Diffraction 

Figure 1 shows the X-ray diffraction pattern of sintered HA 
feedstock powder. Minimal line broadening can be seen, which 
indicates a well-crystallized material. Figure 2 shows the XRD 
pattern of HA-125 sprayed with nitrogen as the plasma gas. It 
can be seen that plasma spraying does not significantly alter the 
crystallographic structure, and a little line broadening is visible. 
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Figure 3 X-ray diffraction pattern of HA-45 coating. The plasma 
gas is nitrogen. 
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Figure 4 X-ray diffraction pattern of FA-45 coating. The plasma 
gas is nitrogen. 

Figure 3 shows the XRD patterns of a plasma-sprayed HA-45 
coating; the structure of the coating consists almost entirely of 
amorphous phases. The authors believe this is caused by com- 
plete melting of the small particles, which results in an amor- 
phous coating. However, as shown in Fig. 4, a FA coating 
sprayed with the same particle size distribution produces a crys- 
talline coating comparable with the 1 to 125 p.m HA coating 
(Fig. 2). Thus, plasma spraying of this material decreases the de- 
gree of crystallinity. The ratio of the intensity of the peaks is 
changed due to the orientation of the crystals during the cooling 
process (the peak at 25.7 ~ 20 is increased). 

Figure 5 shows the XRD pattern of HA-45 after heat treat- 
ment for 1 hr at 600 ~ in an inert environment that prevents oxi- 
dation of the metal. This heat treatment increases the crystal- 
linity, and the amorphous phase is removed, as observed by 
comparison with Fig. 3. Figure 6 shows the XRD pattern of an 
as-received HA-125 plasma-sprayed coating after an in vitro 
solubility test for 3 months in Michaelis buffer. An increase in 
crystallinity can be observed, and after this incubation time, no 
amorphous phase is present. 
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Figure 5 X-ray diffraction pattern of HA-45 coated plate treated 
for 1 hr at 600 ~ 

Figure 6 X-ray diffraction pattern of HA-125 coated plate after 
incubation for 3 months in Michaelis buffer with pH 7.2 at 37 ~ 
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Figure 7 Calcium (a) and phosphate (b) release of bioceramic coating in Gomori buffer with pH 7.2 at 37 ~ 

3.4 Solubility 

Figures 7 and 8 show the phosphate and calcium concentra- 
tion in Gomori 's and Michaelis buffers. Calcium and phosphate 
concentrations due to dissolution of the coatings decreased in 
the order HA-45 > HA- 125 > FA-45 > FA- 125. Figure 9 shows 
the solubility behavior of amorphous HA coating for 3 months in 
Gomori 's  buffer at 37 ~ The solubility decreases by a factor of 
2 for a heat treated coating. The decrease is not as great when the 
coating is of mixed amorphous/crystalline nature (Fig. 10). In 
general, it is a good alternative to decrease the solubility behav- 
ior of a coating. 

3.5 ln-Vivo Experiment 

Figure 11 shows that the titanium plugs implanted in the fe- 
mur of a dog have a lower push-out strength than a HA-coated 
implant. Hydroxylapatite exhibits a higher bonding strength in 
the first months. 

Figure 12 shows a back-scattered electron image of a HA 
coating after 5 months implantation in the femur of a dog, with 
special attention to the fracture site from a push-out test. The 

bone apposition is good, and fracture is located at the tita- 
nium/HA interface. Thus, the bone/coating interface is stronger 
than the coating titanium interface. 

Figure 13 shows the section of a HA coating implant at 25 
months and illustrates good bone apposition, although the coating 
has completely resorbed. Figure 14 shows a titanium implant after 
25 months implantation, where a fibrous tissue interlayer is formed 
and there is no bone apposition against the implant. 

4. Discussion 

The surface roughness of the coatings did not depend on the 
chemical composition of the coating powder, but only on their 
particle distribution (other parameters being similar). Tensile 
strength measurements indicated that various adhesives exhib- 
ited different tensile strengths and failure modes for the coating. 
An important phenomenon is that the dental adhesives are able 
to pull off the coating from the titanium, although they have a 
very low tensile strength. Although the epoxy adhesives have 
very high tensile strengths, no coating is removed from the met- 
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Figure 8 Calcium (a) and phosphate (b) release of bioceramic coating in Michaelis buffer with pH 7.2 at 37 ~ 
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Figure 9 Calcium ion release of amorphous and heat treated HA 
coatings in Gomori's buffer (pH 7.2 at 37 ~ 

al. An explanation for the results of the dental adhesives could be 
that the low viscous liquid in the dental adhesive penetrates 
quickly through the coating layer and alters the thermal spray 
coating while setting. The epoxy adhesives, on the other hand, 
show failure at the interface between the adhesive and coating. 

These experiments show that different adhesives exhibit dif- 
ferent failure modes and tensile strengths. Thus, to compare data 
from different laboratories, it is necessary to take into account 
the experimental techniques. 

The thickness of the coating influenced the failure modes, 
probably because alignment of the specimen assembly in the 
tensometer plays a more important role with thicker coatings. 
This is in agreement with the literature, where it is shown that 
glassy films have a strength that is inversionally related to thick- 
ness, i.e., thin films are stronger than thicker ones (for thick- 
nesses <200 ~tm). [1~ Polishing the coated surface produced are- 
duction in tensile strength, and failure occurred more in the 
metal/ceramic interface. 

X-ray diffraction shows that, depending on the nature of the 
plasma flame, a crystalline phase can be obtained. It can be 
noted that a very hot flame produces an amorphous coating with 
the formation of calcium oxide. After incubation in vivo or in vi- 
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Figure 10 Calcium ion release of amorphous/crystalline and 
heat treated amorphous/crystalline HA coatings in Gomori's buff- 
er (pH 7.2 at 37 ~ 
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Figure 11 Push-out strength of grit-blasted titanium and HA- 
coated plugs implanted in the femur of a dog. 

tro, the amorphous phase was either resorbed through physico- 
chemical dissolution or changed via a phase transition from an 
amorphous to a crystalline structure. 
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Figure 12 Back-scattered electron image of a HA coating after 5 months implantation. (I = implant, C = coating, B = bone.) 

Figure 13 Back-scattered electron image of a HA coating implant after 25 months implantation. (I = implant, B= bone.) 
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Figure 14 Back-scattered electron image of a titanium implant after 25 months implantation. (I = implant, B = bone.) 

A HA coating sprayed with a particle distribution of 1 to 45 
~tm produces an entirely amorphous phase, and this coating dis- 
solves faster. Heat treatment after plasma spraying increases 
crystallinity and decreases solubility of the coating. The thermal 
stability of fluorapatite at elevated temperatures is superior to 
that of hydroxylapatite, and therefore, a FA coating has a higher 
degree of crystallinity compared to a HA coating. [111 

The solubility tests show clearly that in vitro FA is less sol- 
uble than HA. It must be emphasized that in vitro solubilities are 
generally not predictive for in vivo behavior, as shown by Ram- 
selaar et al., [12] animal studies by Klein et al., [8] and Dhert et 
a/. [131 However, at least for FA and HA, the in vitro findings 
closely parallel the in vivo results examined in the present work. 

The animal studies showed some dissolution of the HA coat- 
ing; however, push-out studies show that the bone fixation to 
coated surfaces stays high and is superior to uncoated sur- 
faces.[14,151 

5. Summary 

Apatite coatings of hydroxylapatite and fluorapatite are char- 
acterized in terms of crystallographic structure, bonding 
strength, thickness, and in vitro and in vivo degradation behav- 
ior. Although HA coatings degrade gradually, FA coatings are 
more stable after incubation in physiological fluid and after im- 
plantation under unloaded conditions. 

Push-out studies, however, showed that the high strengths of 
the HA coating did not change after gradual dissolution of the 

coating. Furthermore, because uncoated (and unloaded) tita- 
nium implants become bonded to bone after about 1 year, the 
conclusion is that apatite coatings are most important during the 
healing phase. 
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Appendix: A Selection of Biomaterial 
Terms 

Apposition: Abutment of bone against implant material. 
Fluorapatite: Cas(PO4)3E 
Hydroxylapatite: Ca5(PO4)3OH. 
Osteogenesis: Potency to form bone tissue by bone-forming 

cells, i.e., osteoblasts. 
Resorbed: Bone resorption is bone reduction by osteoclastic 

cells. 
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