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Hydrothermal precipitation of hydroxyapatite on
anodic titanium oxide films containing Ca and P
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Highly-crystallized hydroxyapatite (HA) can be precipitated during heat treatment in
high-pressure steam at 300 °C on an anodic titanium oxide film containing Ca and P
(AOFCP), which has been electrochemically formed on a titanium substrate prior to the
hydrothermal treatment. Factors affecting the precipitation, such as a percentage of
distilled water in the autoclave and additives in the AOFCP, were evaluated by scanning
electron microscopy. Ca?* and PO;"{‘ ions were leached from the AOFCP into a water layer
covering the film surface, and nucleate HA heterogeneously on the porous TiO, matrix of
the AOFCP which was made by the ion leaching. The morphology of the precipitated
crystals was significantly affected by the water volume ratio because the concentrations of
the Ca?* and POi‘ ions varied depending on the thickness of the water layer. The amount
of the precipitation decreased on the AOFCP which was formed in the solution containing a
small amount of Mg?* ions or formed on Ti-6Al-4V alloy instead of titanium.
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1. Introduction matrix to an anatase phase simultaneously [16]. Near-
Hydroxyapatite (HA) has many biological benefits, stoichiometric HA microcrystals with high crystallinity
such as direct bonding to bone and enhancement cire precipitated on the AOFCP formed under the par-
new bone formation around it. It has been demonstrateticular electrolyte concentrations during hydrothermal
that dental and orthopaedic implants coated with HAtreatment in high-pressure steam at 300As a result,
show superior histological results to the uncoated onethin HA layers of 1-2um thicknesses are synthesized
[1-3]. Various methods as well as a plasma-sprayingn the AOFCP. The hydrothermally treated AOFCP at-
technique, which is most commonly used to coat HAtains very high adhesive strength to a titanium substrate
on metallic implants, have been studied to produce HAand direct bonding between bone and the thin HA layer
coatings with high stability against mechanical frac-[17, 18]. However, little information has been obtained
ture and dissolution in living tissue [4—11]. The stabil- with respect to the precipitation of HA crystals. The fac-
ity of HA coatings is related to several factors suchtors affecting the nucleation and crystal growth of HA
as crystallinity, composition, thickness and adhesiveshould be examined to clarify the precipitation mecha-
strength to the substrate. It is known that HA crystalsnism. In this study, the effects of hydrothermal condi-
with high crystallinity can be prepared by hydrothermaltions and additives in the AOFCP were investigated by
processing [11, 12]. Besides HA, crystalline thin films scanning electron microscopy.
of BaTiOs, SrTiO;, and CaTiQ can be prepared on
titanium and titanium-aluminum alloy by anodization
under hydrothermal conditions [13, 14]. 2. Experimental

The present authors have developed a new metho@ommercially pure titanium was anodized up to 350V
for forming highly-crystallized HA layers on titanium in an electrolytic aqueous solution containiggGP
by anodization and subsequent hydrothermal treatmentKanto Chemical, Japan) and CA (Wako Pure Chemi-
It was found that an anodic titanium oxide film con- cal Industries, Japan). The anodization was performed
taining calcium (Ca) and phosphorus (P) (this film isat current density of 50 mA/ctnusing a regulated
abbreviated as AOFCP) was electrochemically formedC power supply (419A-630, Metronix, Japan). Three
on the anode substrate of titanium in an agueous sd«inds of AOFCPs were formed in the solutions with dif-
lution of dissolved calcium acetate (CA) and sodiumferent electrolyte concentrations and designated 01-15,
B-glycerophosphate B¢GP) [15]. Spark discharges, 04-25, and 12-4. For example, 01-15 denotes the
which occur on a titanium anode under high elec-AOFCP formed in the electrolytic solution containing
trolytic voltage with a large amount of heat genera-g-GP of 0.01 molt! and CA of 0.15 molt!. The bath
tion, cause incorporation of Ca and P into the AOFCPtemperature was kept at 20 by using a cooling equip-
from these electrolytes and crystallization of the 7iO ment against heat generation caused by the anodization.

0022-2461 © 1999 Kluwer Academic Publishers 5893



Exceptionally, titanium-6% aluminum-4% vanadium and precipitate HA crystals. The morphology of the pre-
alloy (Ti-6Al-4V) was used as substrates instead of ti-cipitated HA crystals was observed by scanning elec-
tanium, and the solution added magnesium acetate dfon microscopy (SEM; DS-130, Topcon, Japan). The
0.005 mol 1 was used to form the Mg-doped AOFCP. two-dimensional distributions of Ca and P in the film
Distilled water of 200 (15 vol %) or 600 mL (46 vol %) were measured on the carbon-coated film by an energy
was putinto an autoclave (volume: 1.3 L; Nitto-kouatsu,dispersive X-ray microanalysis (EDX; DX-4i, Philips,
Japan). The anodized specimens were hanged in thiehe Netherlands). The crystalline phases of the film
center of the autoclave out of the distilled water, mak-were identified by an X-ray diffraction analysis (XRD;
ing the anodized surface vertical, and heated in highRAD-B system, Rigaku, Japan).

pressure steam at 250 or 3@ for 2 h. The autoclave

indicated the same internal pressure of 8.5 MPa at both

water volume ratios at 30C. Fig. 1 shows the flow 3. Results

chart of the experimental procedure to form the AOFCF3.1. Distributions of Ca and P in the AOFCP
The distributions of Ca and P in the hydrothermally

treated and untreated 01-15 were examined by EDX.
)) Ca and P were homogeneously dispersed in the un-

treated 01-15 (Fig. 2b). After hydrothermal treatment,

E-glycerophosphate (B-GP) - Calcium acetate (CA
the precipitated HA crystals incompletely covered the

01-15, 04-25, 12-4

(Magnesium acetate*]_ N surface of 01-15 because its Ca and P contents were low
Anodization of titanium and (Fig. 2c). Ca and P were detected from the HA crystals,
Ti-6Al-4V alloy* at 350V but hardly from the underlying AOFCP uncovered by

the crystals (Fig. 2d). Thus, nearly all Caand P were lost

[Amdic titanium oxide film containing Ca and P (AOFCP )] from the AOFCP after hydrothermal treatment. The sur-

Hydrothermal treatment | Temperature: 250%, 300°C face of the hydrothermally treated 01-15 was observed
in high-pressure steam Water volume: 200, 600*mL under high magnification. The Tignatrix of the un-
derlying AOFCP on which HA crystals were precipi-
[Hydroxyapaﬁ‘e (HA) CrYStal) tated had a porous microstructure with very fine pores,
\l' as shown in Fig. 3.

SEM, EDX, XRD

Figure 1 Experimental procedure for forming the AOFCP and HA crys- 3.2. Hyd rothermal temperature .
tals. (Asterisks indicate unstandard conditions, which are referred in thel N€ morphology of HA crystals precipitated on 01-15
text whenever used.) at 250°C was compared with that at 300. At 300°C,

Figure 2 SEM micrographs of 01-15 (a) before and (c) after hydrothermal treatment. (b) and (d) show two-dimensional distributions of Ca for (a)
and (c), respectively. P had a similar distribution to Ca. Bd um.
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Figure 5 SEM micrographs of 04-25 treated hydrothermally at the water
volume ratio of (a) 15 and (b) 46 vol %.

Figure 4 SEM micrograph of 01-15 treated hydrothermally at 260 When a drain valve mounted on the base of the auto-
clave was opened at 30Q, first water and after a while
) steam went out from the valve at both water volume
every HA crystal had a columnar structure with sharpratios. Thus, the vapor phase in the autoclave was sat-

edges (Fig. 2c). But, HA crystals in an early stage ofyrated with high-pressure steam of 8.5 MPa at 300
the growth, as well as hollow ones in the middle stage,

were precipitated at 25@ (Fig. 4). Such precursory
HA crystals were encircled with walls, and the inside 3 4. Mg-doping in the AOFCP

was filled with very fine crystals. The growth of the wall The electrolytic solution added magnesium acetate of
resulted in the HA crystal with hollow morphology. The 0.005 mol ! was used to form 04-25 doped with Mg.
SEMimage showing the initial stage of the precipitation|t was found that the precipitation of HA crystals ob-
revealed that the HA crystals had grown not from '[he\/iously decreased in amount on the Mg-doped 04-25,
inside of the AOFCP but on the AOFCP surface. compared with on the undoped 04-25 (Fig. 6). As shown
in XRD patterns of Fig. 7a and b, the Mg-doped 04-25
showed lower peak height of HA than the undoped 04-
3.3. Distilled water volume in an autoclave 25, The precipitation of HA crystals was inhibited by
The effect of the water volume ratio on the precipita-doping Mg in the AOFCP.
tion of HA was evaluated by altering the volume of
distilled water put into the autoclave. 04-25 was heated
in high-pressure steam at 15 and 46 vol % water. AB.5. AOFCP formed on Ti-6Al-4V alloy
15 vol % water, a great many HA microcrystals were04-25 was formed on Ti-6Al-4V alloy in the same way
precipitated, completely covering the AOFCP surfaceas titanium, and then hydrothermally treated. The pre-
(Fig. 5a). However, HA crystals with quite different cipitated HA crystals significantly decreased inamount,
morphology from the microcrystals were precipitatedsimilar to the case of the Mg-doped 04-25 (Fig. 8).
when the water volume ratio was increased to 46 vol %The decrease was recognized also from the compar-
The number of the crystals greatly decreased, but eadson between the XRD patterns for the films formed
crystal was highly developed into a form of long and on titanium and Ti-6Al-4V alloy substrates (Fig. 7a
upward hexagonal columns with sharp edges (Fig. 5b)and c¢). The color of the AOFCP formed on titanium was
Therefore, it was found that the water volume ratio sig-grayish-white, but that on Ti-6Al-4V was brown. The
nificantly affected the precipitation of HA, especially AOFCP formed on Ti-6Al-4V included small amounts
the nucleation. of V and Al, which were detected by EDX.
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Figure 6 SEM micrograph of 04-25 formed in the electrolytic solution
containing magnesium acetate of 0.005 mdl &nd treated hydrother-
mally.

A: TiO, (Anatase)

R: TiO, (Rutile)
T T: Titanium (Substrate)
V:HA
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Figure 7 X-ray diffraction patterns of (a) 04-25, (b) Mg-doped 04-25
and (c) 04-25 formed on Ti-6Al-4V alloy, after hydrothermal treatment.

Figure 8 SEM micrograph of 04-25 formed on Ti-6Al-4V alloy and
treated hydrothermally.

3.6. Electrolyte concentration

Figure 9 SEM micrograph of hydrothermally treated 12-4.

sisting of them was formed on 04-25 due to its higher
Caand P contents than 01-15 (Fig. 5a). On 12-4, which
had further high Ca and P contents, numerous whisker-
like HA crystals of about Sum length were precipi-
tated perpendicularly to the AOFCP surface, as shown
in Fig. 9. The precipitation amount increased with in-
creasing the Ca and P contents of the AOFCP, that was,
the electrolyte concentrations.

4. Discussion

From the EDX analysis for 01-15, it was found that the
lost Ca and P to the AOFCP after hydrothermal treat-
ment were used for the formation of HA crystals on
the surface. This fact strongly suggests that Ca and P
in the AOFCP are lost through leaching. Fig. 10 shows
the schematic illustration of the precipitation mecha-
nism of HA crystals on the AOFCP. The AOFCP sur-
face appears to be moist with a water layer during hy-
drothermal treatment. Itis thought thatleaching ocfCa
and PG~ ions from the AOFCP, heterogeneous nu-
cleation of HA on the porous Ti©Omatrix and finally
crystal growth successively occur in the water layer.
The porous TiQ matrix is probably made as a result
of the ion leaching from the AOFCP. The leachedCa
and Pd" ions are deposited onto the nucleation sites of
the TiO, matrix and then nucleated HA with hydroxyl
groups. As shown in Fig. 9, whisker-like HA crystals of
about 5um length were precipitated on 12-4. Such HA
crystals had been forced to grow vertically to the sur-
face because the crystal growth along the surface was

Water
layer

Reacted
layer

TOTO >

Titanium

The precipitation amount of HA was compared betweer.
the hydrothermal tre?‘ted 01-15, 04-25 and _12_4' Th%igure 10 Schematic illustration showing the cross section of the
surface of 01-15 was incompletely covered with the HAAQFCP treated hydrothermally at the water volume ratio of 15 vol %.

microcrystals (Fig. 2c), but a continuous HA layer con-
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obstructed by the adjacent crystals. The formation opressure steam is required to makéCand P(j‘ ions
the long crystals requires a water layer with an equivdeach out from the AOFCP. The TiOnatrix had high
alent thickness to the crystal length. Thus, the watecrystallinity of an anatase phase after heating at’80
layer thickness at 15 vol % water appears to be at mogFig. 7). As found by Liet al., well-crystallized TiQ
5 um. The length of the highly-developed HA crys- leads to the difficulty of the heterogeneous nucleation
tals precipitated at 46 vol % water was approximatelyof HA. It is thought that necessary activation energy
20-30um (Fig. 5b). Also in this case, the AOFCP sur- for the HA nucleation on the Ti@matrix is greatly
face seems to be covered with a water layer with ameduced by virtue of its porous microstructure. Such
equivalent thickness to the length of the long crystalporous TiQ seems to be helpful to the HA nucleation
The water layer thickness at 46 vol % water seems t@lthough it has high crystallinity.
be much higher than that at 15 vol % water. Small amounts of Al and V were involved in the
Uniform nucleation of HA always occurred at AOFCP formed on a Ti-6Al-4V alloy substrate. The
15 vol % water on the AOFCPs with any Ca and P con-coloring of the AOFCP to brown is probably attributed
tents, but never occurred at 46 vol % water. The differto the formation of \YOs in the AOFCP, because the
ence in a water layer thickness is probably responsibleolor of V,0s, which assumes yellow or rust-brown,
for the distinctly different nucleation. At 15 vol % wa- corresponds with that of the film. Small amounts of
ter, the concentrations of the leached#Cand Pcﬁf Al,O3 and W,Os appear to be formed in the TiOna-
ions are raised to highly enough to nucleate numerousix by anodizing aluminum and vanadium as well as
HA in the thin water layer of about &am thickness. titanium of the alloy substrate, which are all so-called
However, the crystal growth of HA seems to be pre-valve metals. It was reported that.8; gel does not
dominated rather than the nucleation in the thick wateinduce HA in a simulated body fluid containing €a
layer of 20—3Qum thickness with the low ion concen- and P(j‘ ions, unlike SiQ and TiG, gel [22]. A smalll
trations at 46 vol % water. As a result, the number ofamount of AbO3 contained in the Ti@ matrix, also
the nuclei is greatly reduced in comparison with thepossibly \bOs, is unsuitable for the nucleation sites of
case at 15 vol % water. The nuclei that are once formed¢HA. The difficulty of the nucleation on these oxides
can be highly developed into the long HA crystals inmay lead to the less amount of the precipitation. The
compensation for the reduction in number. AOFCP without inhibitor ions and oxides against cal-
A small amount of Mg* ions, as well as G4 and  cium phosphate precipitation must be hydrothermally
P@[ ions, appear to be leached from the Mg-dopedreated at the water volume ratio of about 15 vol % to
04-25 into the water layer. It is well known that ¥ty synthesize a continuous HA layer consisting of the pre-
ion inhibits calcium phosphate precipitation, similar to cipitated microcrystals.
the other inhibitors such as%r, Zn?* and SR [19].
It inhibits the crystal growth of HA by adsorbing onto
the top of the precipitating crystal [20]. The decreases. Conclusions

in amount of the HA crystals on the Mg-doped AOFCP The precipitation mechanism of the HA crystals on the
is ascribed to the inhibition of the crystal growth due to AOFCP was clarified. Leaching of €aand PG~ ions

the leached Mg ions. If the AOFCP is formed in the  from the AOFCP, heterogeneous nucleation of HA on
electrolytic solution containing even a small amount ofthe porous Ti@ matrix and finally crystal growth suc-
inhibitor ions, the ions will be leached into the water cessively occurred in awater layer covering the film sur-
layer and inhibit the HA nuclei from growing to the face during the hydrothermal treatment. The nucleation
crystals. . _ _ was significantly affected by the water volume ratio and
_ Lietal described that Tiogel as well as Si@both  inhibited by the additional oxides such as,@ and
induce abundant HA on the surface when immersed i/, O in the AOFCP formed on an anode substrate of
a simulated body fluid containing €aand PG~ ions,  Ti-6Al-4V. The crystal growth was suppressed on the
whereas, well-crystallized Tifsilica glass and quartz. AOFCP formed in the electrolytic solution containing

do not [21,22]. As is well known, silicate bioactive 3 small amount of the inhibitor ions such as g
materials, such as Bioglésand glass-ceramic A-W,
have the ability to form surface HA films spontaneously
in vivoandin vitro [23, 24]. A SiG, gel layer, which is Ref
itable for nucleation sites of HA, is formed in oo onees
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