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Thin hydroxyapatite layers formed on porous 
titanium using electrochemical and 
hydrothermal reaction 
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Nikon Corporation, 1-10-1 Asamizodai, Sagamihara-shi, Kanagawa 228, Japan 

In our previous study, it was found that hydroxyapatite (HA) microcrystals were precipitated 
by hydrothermal treatment on an anodic titanium oxide film containing calcium and 
phosphorus (AOFCP) with an equivalent Ca/P ratio to HA, which was formed on a titanium 
metal anode in an aqueous electrolytic solution of dissolved calcium acetate and 
13-glycerophosphate. In this study, the formation mechanism of the AOFCP has been 
clarified. Spark discharges, which occur on titanium surface with a large amount of heat 
generation, cause crystallization of the TiO2 matrix of the AOFCP and incorporation of 
calcium and phosphorus into the matrix from these electrolytes simultaneously. The calcium 
and phosphorus in the matrix seem to exist as ions rather than as calcium phosphate. 
Also, thin HA layers consisting of the many precipitated microcrystals can be uniformly 
formed even on titanium with complex shapes or surface geometries such as the mesh, 
roughened surfaces and bead-coated porous coating by the present method. 

1. In troduct ion  
Titanium implants have been clinically used for dental 
and orthopaedic applications owing to their good 
biocompatibility. Recently, hydroxyapatite (HA) coat- 
ings have been developed to obtain better compatibil- 
ity with bone than titanium 1-1, 2]. In an early stage 
after implantation, HA-coated implants are sur- 
rounded by a large amount of newly formed bone, and 
establish firm fixation, because HA has the abilities to 
enhance the bone formation on itself and bond to 
bone directly. HA coatings have been commonly pro- 
duced by a plasma-spraying technique. However, the 
HA coating has a few critical problems, such as easy 
dissolution or bioresorption in living tissue, and a po- 
tentially weak interfacial bond between the coating 
and a metal substrate [3,4]. As a result, the low 
stability of the HA coating may lead to the failure of 
the implant. 

Also, there is a technical problem that this method 
can offer uniform HA coatings only on implants 
whose shapes are relatively simple. HA powders are 
not deposited on inner or undercut surfaces of a por- 
ous structure. On the other hand, electrochemical 
processes essentially have a possibility that the whole 
surface of implants can be uniformly treated, even 
though their shapes or surface geometries are complex 
[5 8]. As regards this point, anodization of titanium 
may be a superior method among the processes, be- 
cause the electrochemical reaction occurs wherever 
a titanium anode is in contact with an electrolytic 
solution. It also has the many advantages of easy 

operation, no need for special equipment, high 
reproducibility and high uniformity in film thickness. 
From a manufacturing point of view, it is expected to 
be one of the promising ways to prepare uniform 
bioactive material coatings for implants with complex 
shapes. So we have developed a new method for form- 
ing thin HA layers by means of electrochemical and 
hydrothermal reaction I-9, 10]. First, an anodic tita- 
nium oxide film containing calcium and phosphorus 
(AOFCP) was formed by anodizing titanium in an 
electrolytic solution of dissolved sodium t3-glycero- 
phosphate (13-GP) and calcium acetate (CA) in water, 
and then heated at 300~ in high-pressure steam. As 
a result, a thin HA layer consisting of numerous HA 
mirocrystals precipitated on the AOFCP was syn- 
thesized. However, the electrochemical phenomena 
occurring on titanium during the anodization were 
not understood very well. The purpose of this study 
was to clarify the formation mechanism of the 
AOFCP. Also, an attempt was made, using this 
method, uniformly to form the thin HA layers on 
titanium substrates with rough or porous surfaces 
taking advantage of the fact that there is little restric- 
tion on implant shapes. 

2. Experimental procedure 
Commercially pure titanium was anodized in an elec- 
trolytic solution of dissolved 13-GP and CA in distilled 
water. The anodization was performed up to 230 
or 350 V using a regulated d.c. power supply, which 
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allowed automatic transition from constant current to 
constant voltage when a preset maximum voltage has 
been reached. Two types of electrolytic solutions with 
low ([3-GP 0.04, CA 0.25 mol l  1) and high ([3-GP 
0.12, CA 0.4 mol 1-1) electrolyte concentrations were 
used. The AOFCPs were formed slowly and rapidly at 
current densities of 10 and 50 mAcm -2, and named 
04-25S and 04r25R, and 12-4S and 12-4R, respectively. 
The electrolytic baths were kept at 20 ~ by using 
cooling equipment. The surface microstructure of the 
film was observed by scanning electron microscopy 
(SEM; DS-130, Topcon). The atomic ratios of calcium 
and phosphorus to titanium (Ca/Ti and P/Ti ratio) 
were semi-quantitatively determined by an energy-dis- 
persive X-ray microanalyser (EDX; PV9100, Philips). 
Data were acquired at an accelerating voltage of 
15 kV for 100 s on the carbon-coated specimen. The 
crystal structure of the film was analysed by X-ray 
diffraction (XRD). Hydrothermal treatment was per- 
formed at 300 ~ for 2 h in high-pressure steam using 
an autoclave (volume 1300 ml) in which 200 ml water 
was included. Titanium beads of 250-350 and 
500 700 gm diameter were sintered on titanium sub- 
strates at 1150 ~ in a vacuum. The porous coatings 
of the titanium beads with the single, double and 
triple layers were anodized and then hydrothermally 
heated. 

Figure I Spark discharges occurring on a titanium rod during the 
anodization. 

3. Results 
3.1. Titanium anodization in a solution 

containing CA and I3-GP 
Fig. 1 shows spark discharges occurring on a titanium 
rod in the electrolytic solution during the anodization. 
The occurrence started above about 200 V and nearly 
finished at the preset maximum voltage. It became 
more vigorous as the electrolytic voltage rose. The 
temperature of the electrolytic solution gradually rose 
during the anodization. For example, that of the solu- 
tion of 200 ml rose from 10~ to 35 ~ during the 
anodization for forming 04-25R of 5.6 cm 2 area. Fig. 
2 shows the surface microstructure of 04-25R. Many 
micropores were formed all over the film, correspond- 
ing to each occurrence of the spark discharge. There 
was no difference in surface microstructure between 
04-25S and 04-25R. The time to finish the anodization 
was about 5 and 30min for 04-25R and 04-25S, 
respectively. Therefore, the microstructure was hardly 
affected by the current density, that is, the formation 
rate of the film, when the electrolyte concentration 
was low. However, the effect of the formation rate on 
the microstructure became significant as the electro- 
lyte concentration increased. The morphology of 
12-4S was irregular as a whole, in comparison with 
04-25S and 04-25R, although domains with regular 
microstructure, as seen for 04-25R in Fig. 2, partially 
remained (Fig. 3a). Furthermore, the area of the do- 
main with each microstructure increased in the case of 
the rapidly formed 12-4R (Fig. 3b). The slowly formed 
AOFCP showed higher morphological uniformity in 
appearance, as well as microscopically, than the rap- 
idly formed one when the electrolyte concentration 
was high. 
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Figure 2 Scanning electron micrograph of 04-25R. 

The variations in Ca/Ti and P/Ti ratios with CA 
concentration are shown in Fig. 4. The calcium and 
phosphorus contents in the AOFCP formed at 13-GP 
of 0.12 mol l -  1 were always much higher than those at 
0.04 moll-1.  The calcium content was not propor- 
tional to CA concentration. Although the 13-GP con- 
centration was constant at 0.04 or 0.12 moll -1, the 
phosphorus content varied with CA concentration. 
In particular, when [3-GP concentration was 
0.12moll -1, there was an apparent correlation be- 
tween these contents. The calcium and phosphorus in 
the AOFCP seemed to interact. 

The X-ray diffraction patterns of 04-25S and 12-4S 
are shown in Fig. 5.04-25S consisted of anatase and 
a little rutile phases, while 12-4S involved a trace of 
~-tricalcium phosphate as well as the same TiO2 
phases. The formation of HA was recognized for both 
hydrothermally treated AOFCPs (Fig. 6). 12-4S 
showed a slightly higher peak height of HA than 
04-25S. From our previous studies, it is known that 
a thin HA layer of 1-2 gm thickness, which consists of 
the many precipitated crystals, is formed on the 
AOFCP by hydrothermal treatment I-9, 10]. 
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Figure 5 X-ray diffraction patterns of (a) 04-25S and (b) 12-4S (O) 
TiO2 (anatase), (A) TiO2 (rutile), (D) Ti (substrate), (O) ~-tricalcium 
phosphate. 

Figure 3 Scanning electron micrographs of(a) 12-4S and (b) 12-4R. 
Microdomains with regular or irregular microstructure were homo- 
geneously dispersed in 12-4S. The area of the domain with each 
microstructure increased in 12-4S. In Fig. 3b, the right half had 
a regular microstructure and the left had an irregular one. 
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Figure 4 Variations of Ca/Ti and P/Ti ratios with CA concentra- 
tion. The current density was 50 mA cm 2. [3-GP (mol 1-1): (O) 0.04, 
(0) 0.12. 
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Figure 6 X-ray diffraction patterns of hydrothermally treated 
(a) 04-25S and (b) 12-4S. (O) TiO2 (anatase), (A) TiO2 (rutile), (El) Ti 
(substrate), (r HA. 

3.2. Application of this method to titanium 
with various shapes 

We appl ied  this m e t h o d  to coa t  H A  uni formly  on 
t i t an ium subs t ra tes  with rough  or  po rous  surfaces. 
Such t i t an ium subs t ra tes  mus t  be successfully 
anod ized  for the purpose ,  because  the thin H A  layer  
was always synthesized by  h y d r o t h e r m a l  t r ea tmen t  
when the anod iza t ion  was successful. Tab le  I shows 
the results  of the anod iza t ion  for var ious  t i t an ium 
subst ra tes  with complex  shapes. Gr i t -b l a s t ed  and  t i ta-  
n ium p l a s m a - s p r a y e d  surfaces were easily anod ized  
under  any anod iza t ion  condi t ion .  However ,  if one 
does not  want  to d iminish  the surface roughness  of the 
under ly ing  substrate ,  the A O F C P  would  be as thin as 
possible,  because  the appa ren t  surface roughness  de- 
creased with the result  tha t  the concavi t ies  were em- 
bedded  in the th ick A O F C P .  The  uni formly  thin 
A O F C P  was formed a long the unevenly  rough  surface 
by lower ing either the e lec t ro ly te  concen t ra t ion  or  the 
e lectrolyt ic  voltage.  After h y d r o t h e r m a l  t rea tment ,  the 
A O F C P  surface was covered with numerous  precipi-  
ta ted  H A  crystals,  as shown in Fig. 7a. T i t an ium mesh 
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T A B L E  I Results of anodization for various titanium with complex shapes 

Titanium with complex shape Concentration (moll 1) 

13-GP CA 

Voltage Result of 
IV) anodization 

Rough surface 
Grit-blasted surface 0.02 0.2 350 Good 
Titanium plasma-sprayed surface 0.02 0.2 350 Good 

Titanium mesh 
80 mesh cm 2 0.02 0.2 350 Good 
80 mesh cm 2 0.06 0.3 350 Good 

Titanium bead porous coating 
250-350 lain: single layer 0.06 '0~4 230 Good 

double layer 0.06 0.4 230 Good 
triple layer 0.06 0.4 23:0 No good 

500 700 ~tm: single layer 0:06 0.4 230 Good 
double layer 0.06 ,0.4 230 Good 
triple layer 0.06 0.4 230 No good 

the subsequent thin HA layer are successfully formed 
over the whole surface of the porous coating with 
double layers of beads of 250-350 gm diameter. It was 
confirmed that numerous precipitated HA crystals 
completely covered the bead surface situated even in 
the lower layer (Fig. 8c). However, the bottom surface 
of the porous coating was irmompletely covered with 
the HA crystals (Fig. 8d). The thicknesses of the 
AOFCP and the thin HA layer were 10 and 2 ~tm at 
350 V (J3-GP 0.06, CA 0.3 mol 1-1), and 3 and 0.5 gm 
at 230 V (J3-GP 0.06, CA 0.4 mol l -  1), respectively. The 
large decrease in film thickness caused by lowering the 
voltage enabled a uniform coating of HA which did 
not obstruct the narrow pores. 

Figure 7 Scanning electron micrographs of anodized and then hy- 
drofhermally treated (a) titanium plasma-sprayed surface and (b) 
titanium mesh. These specimens were anodized up to 350 V at [3-GP 
of 0.02 tool 1-1 and CA of 0.2 mol 1 - 1. 

was easily anodized, and the thin HA layer was uni- 
formly synthesized over the whole surface (Fig. 7b). 
The anodization of titanium bead porous coatings 
was successful for single and double beads layers, but 
unsuccessful for the triple layers in the case of both 
bead diameters. It became more difficult to anodize 
stably such porous coatings with increasing number of 
the bead layers. Fig. 8a indicates that the AOFCP and 

6282 

4. Discussion 
4.1. Formation mechanism of the AOFCP 
The increase in temperature of the electrolytic solu- 
tion during the anodization suggests that the vigorous 
spark discharges generate a large amount of heat 
energy. Probably the AOFCP around every micro- 
pore is heated to a considerably high temperature the 
instant that the spark discharge occurs. Fig. 9 sche- 
matically shows the formation mechanism of the 
AOFCP by the spark discharge anodization. The 
spark discharges, which occur instantaneously at ran- 
dom points on titanium, as shown in Fig. 1, make the 
many micropores on the AOFCP. Usually, titanium is 
anodized using sulphuric acid, phosphoric acid or 
both, as electrolytes to obtain an anodic oxide film 
several micrometres thick. The oxide film consists of 
anatase and rutile phases crystallized by the high 
temperature of the spark discharge [11]. In the case of 
the anodization using [3-GP and CA as electrolytes, 
incorporation of calcium and phosphorus from the 
electrolytes into the TiO2 matrix of the AOFCP, as 
well as crystallization of the matrix, appear to occur 
simultaneously at every point where the spark dis- 
charge occurs. It is thought that the repetition of such 
electrochemical reaction results in the formation of the 
AOFCP. As the calcium and phosphorus contents in 
the matrix approach the limits, the homogeneous in- 
corporation of calcium and phosphorus becomes 



Figure 8 Scanning electron micrographs of anodized and then hydrothermally treated titanium bead porous coating with double bead layers. 
The bead diameter was 250 350 gm. (a) Overview of the as-prepared porous coating, (b) the lower layer exposed after eliminating the upper 
layer. Traces of the sinternecks between the adjacent beads were seen on each bead. (c, d) Highly magnified images of the points 1 (bead 
surface) and 2 (bottom surface) in (b), respectively. 
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Figure 9 Schematic illustration showing the electrochemical forma- 
tion process of the AOFCP by spark discharge anodization. 

harder. Thus, it is necessary to perform the anodiz- 
ation as slowly as possible in that case. 

It was obvious from Figs 4 and 5 that calcium and 
phosphorus existed in the AOFCP.  However, no cal- 
cium phosphate peak was indicated in the XRD pat- 
tern for 04-25S. Most of the calcium and phosphorus 
in the A O F C P  appears to exist not as calcium phos- 
phate but as ions, although a trace of ~-tricalcium 
phosphate is detected in 12-4S. The fact that calcium 
and phosphorus of which precipitated HA crystals 
consist are supplied only from the AOFCP,  suggests 

that they are leached from the TiO2 matrix and then 
crystallized to HA with hydroxyl groups in high-pres- 
sure steam. 

4.2. Thin HA layer formation on t i tanium 
with rough or porous surface 

It was not possible to anodize titanium bead porous 
coatings up to a high voltage of 350 V. As the A O F C P  
thickness increases with voltage, the pore size between 
the beads becomes narrow. Consequently, the circula- 
tion of the electrolytic solution through the porous 
coating deteriorates. Thus, the voltage has to be largely 
lowered from 350V. As shown in Table I, the 
anodization of the porous coating at 230 V was suc- 
cessful for the single and double layers, but unsuccess- 
ful for the triple layers. The electrolyte concentration, 
as well as the voltage, must be changed to form the 
thin HA layer on the porous coating. Unless the elec- 
trolyte concentration is changed, the calcium and 
phosphorus contents in the AOFCP,  and thus the 
amount  of precipitation of HA will decrease due to 
the reduction in film thickness. As a consequence of 
the increase of CA concentration from 0.3 mol 1 1 to 
0.4 mol 1 - 1, the thin AOFCP with sufficient calcium and 
phosphorus contents to precipitate numerous HA crys- 
tals, was formed at 230 V (Fig. 8a c). This condition, 
with a low voltage and a high electrolyte concentration, 
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is also preferable to roughened titanium substrates 
such as grit-blasted and plasma-sprayed surfaces. 

in fact, most implants have complex surface geo- 
metries or shapes to make the contact area with bone 
as large as possible. For example, stems and cups for 
total hip-joint replacement are often equipped over 
part of the surface with a titanium bead porous coat- 
ing. In addition, some dental implants have surfaces 
roughened by grit-blasting or titanium plasma-spray- 
ing to obtain a mechanical interlocking force with 
bone, and/or are designed to be a complex shape, such 
as screw and blade. Many investigators have demon- 
strated that plasma-sprayed HA coatings enhance 
early bone ingrowth into metal bead porous coatings 
[12 14]. However, it has been found that a plasma- 
spraying technique is unsuitable for forming uniform 
HA coatings on the porous coating, because the rela- 
tively thick HA coating obstructs the narrow pores 
between the beads [15]. Thus, development of a coat- 
ing method of HA which does not obstruct the pores is 
desired. The present method consists in the anodiz- 
ation of titanium and the subsequent hydrothermal 
treatment in high-pressure steam. Because these treat- 
ments are performed in liquid and vapour phases, 
respectively, it is essentially very advantageous to the 
uniform formation of the AOFCP and the thin HA 
layer. For this reason, a thin HA layer was uniformly 
synthesized on all the titanium beads, not obstructing 
the narrow pores. Another reason why this method 
makes the uniform HA coating possible is that the 
total film thickness of the AOFCP and the thin HA 
layer, is much thinner at 3.5 gm than that of a typical 
plasma-sprayed HA coating. Much bone ingrowth 
into the anodized and then hydrothermally treated 
porous titanium is expected by virtue of the osteocon- 
ductive property of the thin HA layer. 

electrolytic solution containing 13-GP and CA. 
The occurrence of the spark discharges played an 
important role in the formation of the AOFCP. 
The AOFCP should be formed as slowly as possible 
when the electrolyte concentration is high. The 
present method can offer uniform HA coatings on 
most implants, regardless of the shapes or surface 
geometries. 
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