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Calcium titanate (CaTiO3) films were prepared on commercially pure titanium (CP-Ti) by metal-organic chemical vapor deposition using
Ca(dpm), and Ti(O-i-Pr),(dpm), precursors. The formation of hydroxyapatite (HAp, Ca;o(PO4)s(OH),) on CaTiO; film was investigated in a
Hanks’ solution. The formation rate of HAp was significantly affected by deposition conditions of CaTiO;3 films, particularly substrate
temperature (7). The time for the HAp formation was 3.6 Ms (42 d) on the CaTiOs3 film prepared at T, = 873 K, wheras that was 1.2 (14 d)
and 0.3 Ms (3 d) on that prepared at T, = 973 and 1073 K, respectively. Octacalcium phosphate (OCP, CagH,(PO4)6-5H,0) was identified on

the CaTiO; film prepared at Ty, = 1073 K by the immersion for 21.6ks.
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1. Introduction

Ti and Ti alloy have been widely used as artificial bone and
tooth due to its excellent mechanical property, corrosion
resistance and biocompatibility." The reconstruction of bone
on Ti substrates can be promoted by ceramic coatings, e.g.
hydroxyapatite (HAp, Ca;o(PO4)¢(OH),), tricalcium phos-
phate (TCP, Ca3(POy),) and calcium titanate (CaTiO3). So
far, many kinds of processing, e.g. sputtering,? sol-gel® have
been attempted to prepare these coatings. Among them
metal-organic chemical vapor deposition (MOCVD) has
advantages of high deposition rate and excellent micro-
structure controllability. We have first prepared CaTiO3 film
by MOCVD," and reported that the microstructure of
CaTiO; film changed depending on deposition conditions,
particularly substrate temperature (7). The deposition rate
(Rgep) of CaTiOs3 films by MOCVD increased with increasing
Tqup, showing the highest Ryep of 45umh" at 1073 K.

The biocompatibility of CaTiOs film can be evaluated by
immersion in several kinds of pseudo body fluid. Asami ef al.
have prepared CaTiOj3 film by sputtering, and immersed in a
simulated body fluid (SBF) and a Hanks’ solution to
investigate the elution of CaTiO; film and HAp formation
on CaTiOj; film. Several percent of CaTiO; was dissolved
into the solution and calcium phosphates having similar Ca/P
ratio to HAp were formed.>~” Yamashita et al. have prepared
CaTiO; sintered body and immersed in a 1.5 times
concentrated SBF after polarizing CaTiO3 in a DC field of
1 to 1000 V.¥ Ca?* ions were mainly adsorbed to negatively
charged surface (N-surface) and became a supersaturation
state. The phosphate ions were attracted by the supersaturated
cations and the HAp was formed faster than that without DC
field. Ohba et al. prepared HAp/CaTiO3 multi-layer film by a
hydrothermal method and reported that the HAp formation
was accelerated on the HAp/CaTiO3 film.” Manso et al.
prepared CaTiO3 film in 4 um thicknesses by sol-gel spin-
coating process and confirmed that morphological and
structural suitability of CaTiO; coatings for their use as
buffer layers between a TiAlV alloy and a HAp is strongly

reinforced by the behavior of the CaTiOj; surface in pseudo
body fluid.'® However, no studies on the HAp formation on
CVD CaTiOs films were reported.

In this study, CaTiOs3 films were prepared by MOCVD and
the HAp formation on CVD CaTiO; films was investigated
by immersion in a Hanks’ solution.

2. Experimental Procedure

CaTiOs; films were prepared by a vertical cold-wall type
CVD apparatus. Source precursors of Ca(dpm), (bis-dipiva-
loylmethanato-calcium) and Ti(O-i-Pr),(dpm), (bis-dipiva-
loylmethanato diisopropoxy titanium) powders were heated
at 523 to 573 and 393 to 453 K to obtain objective molar ratio
of Ca(dpm), to Ti(O-i-Pr)>(dpm); (Rca/Ti), respectively. This
Rcayi was calculated by measuring the weight loss of each
precursor after the deposition. The source vapors were
carried into the CVD reactor with Ar gas. O, gas was
separately introduced by using a double tube nozzle, and
mixed with the precursor vapors in a mixing chamber placed
above a substrate holder. The total gas flow rate (FRyx =
FRAr + FRoy + FRource vapor) Was fixed at 3.33 x 10-°
m?s~!. The total pressure (Py) in the CVD reactor was
fixed at 0.8kPa. The substrate temperature (Tg) was

Table 1 Deposition conditions of Ca-Ti-O film.

Precursor Temperature, Tpec
Ca(dpm),
Ti(O-i-Pr),;(dpm),

Total gas flow rate, FRo

1 323~573K
1 193~453K
:3.33 x 1070 m?s~!

Carrier Gas T Ar
Ca(dpm), :0.83 x 107°m3s~!
Ti(O-i-Pr),(dpm), :0.83 x 107°m?s~!
0, gas flow rate, FRo» 2 1.2x107m3s™!
Total pressure, Py : 0.8 kPa
Deposition temperature, Tgep : 873~1073K
Deposition time :0.3~0.9ks
Substrate : CP-Ti
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Table 2 Chemical composition of Hanks’ solution.
Concentration (mg/m?)
NaCl KCl1 Na,HPO, KH,PO, MgSOy4 MgCl, CaCl, Glucose
8.00 0.40 4.79 x 1072 6.00 x 1072 4.88 x 1072 4.68 x 1072 0.14 1.00
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Fig. 1 CVD phase formation diagram of Ca-Ti-O film as functions of Ty,

and R, 1i phase at Po; = 0.32kPa and P, = 0.8kPa.

changed in the range between 873 and 1073K. The
deposition conditions are summarized in Table 1. Sand-
blasted commercially pure titanium (CP-Ti) of 10 x 10 x 0.5
mm was used as substrate. A Hanks’ solution was used as a
pseudo body fluid and kept at 310K in an incubator. The
composition of the Hanks’ solution was listed in Table 2.
CaTiOj3 coated CP-Ti was immersed in the Hanks’ solution
for 21.6ks (6h) to 3.6 Ms (42d). Crystal phases of the
immersed samples were identified by XRD and micro-
structure was observed by SEM.

3. Results and Discussion

3.1 Preparation of CaTiO;3 coatings

Figure 1 shows the CVD phase formation diagram of Ca-
Ti-O film as functions of Tgp and Rca/1i. The broken lines
denote the boundary between the formation area of different
crystal phases. CaO-rich films were obtained in a low Ty,
region, and TiO;-rich films were obtained in a high Ty,
region. CaTiO3 film in a single phase was obtained at
Tsub = 1073 K, RCa/Ti ~ 1 and Tsub =973K, RCa/Ti ~0.7.
CaTiO; film in a single phase was not obtained at Ty, =
873K, and CaO was always co-deposited with CaTiOs or
CayTizOq9. Ca(OH), phase obtained in wide-ranged con-
ditions may be formed by the reaction of CaO and moisture in
air after the deposition, and the amount of Ca(OH), phase
was quite few.

Figure 2 shows the surface morphology of CaTiO; films
prepared at Tgyp, = 873 to 1073 K. The CaTiOs; and CaO
mixed film prepared at Ty, = 873 K and Rcy1i = 0.4 had a
smooth granular surface with a grain size of 3 to 4um in
diameter (Fig. 2(a)). The CaTiO; film in a single phase
prepared at Ty, = 973 K and Rcy/1i = 0.65 had a relatively

Fig. 2 Surface morphology of Ca-Ti-O film prepared at Ty, = 873 K and
RCa/Ti =04 (a), Tsub = 973K and RCa/Ti =0.65 (b) and Tsub =1073K
and RCa/Ti =1.08 (C)

smooth granular surface with a small grain size of 1 um in
diameter (Fig. 2(b)). The surface of CaTiO; film prepared at
Tsup = 1073 K and Rc,/1i = 1.08 showed a cauliflower-like
aggregate texture of 2 to 3 wm in diameter which consisted of
fine grains of 50 nm in diameter (Fig. 2(c)).

3.2 HAp formation in a Hanks’ solution
Figure 3 shows the XRD patterns of the mixture film of
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Fig. 3 XRD patterns of CaTiO; coated CP-Ti prepared at Ty, = 873K
after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (¢) 2.4 and (d) 3.6 Ms.

1507

® HAp
O CaTiO3
v TiO,
(d) [ ] X CP-Ti
.O y
0@ /i@ o0 x o)
@
= [ ]
c |©@ ® x
g QN X Q® x O0x 0O xx
s
2 b o X
@ (b) °
g O v J1xox Oexg Ox o0 xx
o X
(a)
ovv X O xv Ox 0 x«

26 (CuKa)

Fig. 5 XRD patterns of CaTiOz coated CP-Ti prepared at Ty, = 973K
after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (¢) 2.4 and (d) 3.6 Ms.

Fig. 4 Surface morphology of CaTiO; coated CP-Ti prepared at
T = 873 K after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (¢) 2.4
and (d) 3.6 Ms.

CaTiO3 and CaO coated on CP-Ti substrate at Ty, = 873 K
and Rc,/1i = 0.4 after the immersion in the Hanks” solution
for 0.6 (7d) to 3.6 Ms (42d). No change was observed after
2.4Ms (28d) (Figs. 3(a) to (c)). HAp with a significant
orientation of (002) was identified after 3.6 Ms (Fig. 3(d)).
Asami et al. prepared CaTiO3 films by sputtering and
reported that (002) oriented HAp precipitated on the CaTiO3
film. The (002) orientation of HAp can be common due to a
low surface energy basal plane of hexagonal structure.
Figure 4 shows the surface morphology of the mixture film
of CaTiO3 and CaO coated on CP-Ti at Ty, = 873K and
Rca/mi = 0.4 after the immersion in the Hanks’ solution for
0.6 to 3.6Ms. No change of surface morphology was
observed until 2.4Ms (Figs. 4(a) to (c)), and then a
significant change of the surface was identified by the HAp

Fig. 6 Surface morphology of CaTiO; coated CP-Ti prepared at
T = 973 K after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (c) 2.4
and (d) 3.6 Ms.

formation after 3.6 Ms (Fig. 4(d)). The HAp on the CaTiO;
film had a cancellous texture.

Figure 5 shows the XRD patterns of the CaTiO; film in a
single phase coated on CP-Ti at Ty, = 973K and Rcy/1i =
0.65 after the immersion in the Hanks’ solution for 0.6 to
3.6 Ms. HAp was identified after 1.2Ms (14 d) (Fig. 5(b)).
The XRD peaks of HAp became more significant and the
peak of (002) increased with increasing the immersion time.

Figure 6 shows the surface morphology of the CaTiOj3 film
in a single phase coated on CP-Ti at Tgp, = 973K and
RcaTi = 0.65 after the immersion in the Hanks’ solution for
0.6 to 3.6 Ms. No HAp was observed after 0.6 ks immersion
(Fig. 6(a)), however, the surface of the CaTiO; film was
wholly covered by the cancellous HAp after 1.2Ms
(Fig. 6(b)). The characteristic cancellous texture of HAp
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Fig. 7 XRD patterns of CaTiO3 coated CP-Ti prepared at Ty, = 1073 K
after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (¢) 2.4 and (d) 3.6 Ms.

Fig. 8 Surface morphology of CaTiO; coated CP-Ti prepared at
Tep = 1073 K after immersion in Hanks’ solution. (a) 0.6, (b) 1.2, (¢)
2.4 and (d) 3.6 Ms.

became more significant with increasing the immersion
time.

Figure 7 shows the XRD patterns of the CaTiO; film in a
single phase coated on CP-Ti at Ty, = 1073 K and Rca/1i =
1.08 after the immersion in the Hanks’ solution for 0.6 to
3.6 Ms. The HAp formation was detected shortly after the
immersion for 0.6ks, and the (002) orientation of HAp
became more significant with increasing the immersion time.

Figure 8 shows the surface morphology of the CaTiO; film
in a single phase coated on CP-Ti at Ty, = 1073 K and
Rca/mi = 1.08 after the immersion in the Hanks’ solution for
0.6 to 3.6 Ms. The surface of the CaTiO3 coating was already
covered with HAp after 0.6Ms (Fig. 8(a)). The HAp
formation having the cancellous texture was more significant
than that prepared at Ty, = 973K even after 0.6 Ms
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Fig. 9 XRD patterns of CaTiO3 coated CP-Ti prepared at Ty, = 1073 K
after immersion in Hanks’ solution. (a) 0.02, (b) 0.08, (c¢) 0.3 and (d)
0.4 Ms.

Fig. 10 Surface morphology of CaTiO3 coated CP-Ti prepared at Tgy, =
1073 K after immersion in Hanks’ solution. (a) 0.02, (b) 0.08, (¢) 0.3 and
(d) 0.4 Ms.

(Figs. 8(b) to (d)).

The HAp formation has been proceeded significantly on
the CaTiO; coating prepared at Ty, = 1073 K and Rey/1i =
1.08 even after 0.6 ks. Figure 9 shows the XRD patterns of
the HAp formation after the immersion within 0.6 Ms. The
HAp formation was detected by XRD after 0.3Ms (3d)
immersion. It is known that octacalcium phosphate (OCP,
CagH,(PO,4)¢-5H,0)'""'? would be formed prior to the HAp.
In this study, the OCP was detected even after 21.6 ks (6 h).

Figure 10 shows the surface morphology of the CaTiO;
coating prepared at Ty, = 1073 K and Rc,y1i = 1.01 after the
immersion within 0.6 Ms. Some granular precipitates were
observed after immersion for 21.6 and 86.4ks (Fig. 10(a),
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Fig. 11 Relationship between the Ty, of CaTiO3 coatings and the needed
immersion time for HAp formation.

(b)). They could be the particles of OCP. The characteristic
cancellous texture of HAp can be seen after the immersion
for 0.3Ms, and the surface of the CaTiOs; coating was
entirely covered with HAp.

Since the HAp formation on pure Ti usually need 2.4 to
3.6 Ms,!>!9 the CaTiO3 film prepared at Ty, = 1073 K has
an excellent capability of HAp and OCP formation. It can be
understood that the Ty, has significant effect on the HAp
formation on the CaTiOj3 coatings and the fine grains of
submicron meter and the complicated surface may prompt
the formation of HAp in pseudo body fluid.

Figure 11 shows the relationship between T, and time for
the HAp formation in an Arrhenius format. Almost a linear
relationship between log t and T~ ! can be observed; the
higher Ty, the shorter HAp formation time.

Figure 12 shows the SEM images of HAp formation
formed on the CaTiOj3 film prepared at Ty, = 1073 K and
Rca/mi = 1.01 after the immersion for 0.3 Ms. The precipi-
tated HAp had an acicular structure of several 100 nm in
length and 50 nm in width. There can be seen two kinds of
distinct HAp formation behavior as shown in Figs. 12(a) and
(b), i.e., an uniform HAp formation on the CaTiO; grains
(Fig. 12(a)) and a local HAp formation at the CaTiO3 grain
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Fig. 13 Schematic diagram of HAp nucleation on CaTiOs film.

boundary (Fig. 12(b)). Figure 13 depicts the schematic
diagram of the HAp nucleation on CaTiO; film. The
morphology of CaTiO3 film changed from smooth (T, =
873K) to granular (g, = 973K) to cauliflower texture
(Tgw» = 1073 K), becoming more complicated with increas-
ing Tgp. Since the composition, lattice parameter and
preferred orientation of CaTiO; films are almost the same
among the CaTiO; films, only difference might be morphol-
ogy; the more complicated, the faster HAp formation. Weng
et al. proposed the HAp formation mechanism on CaTiO;
film in a Hanks’ solution'® as follows. CaTiO; film would
first elute into the solution and the Ca®* ions concentration
might increase locally, where PO,>~ ions could be attracted
and reacted with Ca®* ions, forming HAp. The CaTiOs film
prepared at Ty, = 1073 K had a complicated and bumpy
texture consisting of aggregated fine grains. The interface of
aggregated fine grains may be preferred nucleation sites as
kink or step site in common crystal growth.

Comparing to other methods such as sputtering, laser
ablation, hydrothermal and sol-gel, CaTiO; film prepared by
MOCVD had a more complicated surface morphology,
causing a superior formation ability of HAp.

4. Conclusion

CaTiO; films were prepared on CP-Ti substrate by
MOCVD using Ca(dpm), and Ti(O-i-Pr),(dpm), precursors.
In a Hanks’ solution, HAp formed after 3.6 Ms on the CaTiO3
film prepared at Tg, = 873K, 1.2Ms for that prepared at
973 K and 0.3 Ms for that prepared at 1073 K. OCP formation
was identified on the CaTiOs film prepared at Ty, = 1073 K
after 21.6ks of the immersion. Precipitated HAp had a
cancellous texture and a significant (002) orientation. The

Fig. 12 SEM image of HAp nucleation on CaTiOj3 coated CP-Ti prepared at Ty, = 1073 K after immersion in Hanks’ solution for 0.3 Ms.
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nucleation and growth of HAp may be mainly associated with
the surface morphology of CaTiO; film.

Acknowledgements

This research was partially supported by the Japan Society
for the Promotion of Science (JSPS), Grant-in-Aids for
Scientific Research (B), 18360310, and the JSPS-KOSEF
Asian CORE program “Interdisciplinary Science of Nano-
meters”.

REFERENCES

1) M. A. Subramanian, G. Aravamudan and G. V. Subba Rao: Prog. Solid
State Chem. 15 (1983) 55-143.

2) C.N. R. Rao: Chem. Rue. J. 2 (1996) 1499-1504.

3) T. Takeda, M. Nagata, H. Kobayashi, R. Kannno and Y. Kawamoto:
J. Solid State Chem. 140 (1998) 182-193.

4) M. Sato, R. Tu and T. Goto: Mater. Trans. 45 (2006) 1386-1390.

5) K. Asami, K. Saito, N. Ohtsu, S. Nagata and T. Hanawa: Surf. Interface
Anal. 35 (2003) 483-488.

6) N. Ohtsu, K. Sato, K. Saito, T. Hanawa and K. Asami: Mater. Trans. 45
(2004) 1778-1781.

7) K. Asami, N. Ohtsu, K. Saito and T. Hanawa: Surf. Coat. Tech. 200
(2005) 1005-1008.

8) K. Yamashita, N. Oikawa and T. Umegaki: Chem. Mater. 8 (1996)
2697-2700.

9) Y. Ohba, T. Watanabe, E. Sakai and M. Daimon: J. Ceram. Soc. Jpn.
107 (1999) 907-912.

10) M. Manso, M. Langlet and J. M. Martinez-Duart: Mater. Sci. Eng. C 23
(2003) 447-450.

11) R. Z. Legeros, G. Daclsi, I. Orly, T. Abergas and W. Torres: Scan.
Micros. 3 (1989) 129-138.

12) M. Iijima, H. Kamemizu, N. Wakamatsu, T. Goto, Y. Doi and Y.
Moriwaki: J. Crys. Growth 181 (1997) 70-78.

13) M. L. Rubo de Rezende and C. B. Johansson: J. Mater. Sci. Mater. Med.
4 (1993) 233-239.

14) L. Sennerby, P. Thomsen and L. E. Ericson: J. Mater. Sci. Mater. Med.
4 (1993) 240-250.

15) J. Weng, Q. Liu, J. G. C. Wolke, D. Zhang and K. De Groot: J. Mater.
Sci. Lett. 16 (1997) 335-337.



