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Abstract An apatite layer was successfully formed on

titanium substrates by electrochemical deposition in a

metastable calcium phosphate solution, which had

1.5 times the ion concentrations of a normal simulated

body fluid, but did not contain MgCl2�6H2O, at 41 �C for

40 or 60 min at 13 mA. The current did not produce large

effects on the crystalline size of the apatite, but the thick-

ness of the apatite layer could be controlled by deposition

conditions such as electrolyte temperature, current and

deposition time. It is expected that the present electro-

chemical deposition will be useful to rapidly coat apatite

on metallic materials.

Introduction

It is well known that some metallic materials such as

stainless steel, Co–Cr–Mo alloys, titanium and its alloys

have been widely used for dental and orthopedic implants

under load-bearing conditions. However, these metals

themselves cannot directly bond to living bone. So far,

various surface modifications based on physical coating

with ceramic materials with bone-bonding ability have

been attempted to provide these metals with bone-bonding

ability [1–6]. Currently, the most common coating for ac-

tual clinical application is hydroxyapatite coating plasma

sprayed onto titanium alloys at high temperatures near

10,000 �C [7–9], but problems often occur in controlling

the composition, crystallinity and structure of hydroxyap-

atite [10–15]. Recently, metals such as titanium, its alloys

[16] and tantalum [17], have been found to bond to living

bone after being exposed to a sodium hydroxide solution

and heat treatment. Thus surface-modified titanium and its

alloys gave good results in clinical assessment as artificial

hip joints, and approval for sales is now expected from the

Ministry of Health Labor and Welfare of Japan [18].

However, a few days are required for a dense and uniform

apatite formation on the NaOH-treated titanium [16],

which was soaked in simulated body fluid (SBF) with ion

concentrations nearly equal to those of human blood

plasma [19–21]. From the viewpoint of an apatite coating

process, the soaking time should be decreased.

Electrochemical deposition is a useful method for

coating calcium phosphate on metal substrates with com-

plicated shapes, such as dental and orthopedic implants

[22–33], and the deposition time in this method is usually

within few hours. Ban et al. extensively investigated the

morphology and microstructure of calcium phosphate

deposited on titanium substrates [25, 26, 28–33], and found

that needle-like apatite crystals were deposited on titanium

in a modified simulated body fluid having the composition

of SBF [19–21] without MgCl2�6H2O, KCl and NaHCO3,

at an electrolyte temperature higher than 52 �C, and at a

current density higher than 12.9 mA/cm2 [30]. However, as

far as we know, they did not investigate the apatite depo-

sition on titanium in the electrolyte of a metastable calcium

phosphate solution (1.5SBF) [34] that had 1.5 times the ion

concentrations of a normal simulated body fluid [19–21]. It

is expected that apatite might be formed rapidly on tita-

nium by electrochemical deposition in 1.5SBF at a lower

temperature and lower current density, because the degree
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of supersaturation of 1.5SBF with respect to apatite is

much higher than that of normal SBF. In the present study,

apatite coating on titanium was attempted by electro-

chemical deposition in 1.5SBF, and the surface structure of

the titanium after the deposition and the adhesive between

apatite and titanium were investigated.

Materials and methods

Electrochemical deposition of calcium phosphates on

titanium plate

The working electrode was a pure titanium substrate (TI-

453511, The Nilaco Corporation, Tokyo, Japan)

15 mm · 10 mm · 1.0 mm in size, and the counter elec-

trode was a platinum plate 20 mm · 10 mm · 0.2 mm in

size. The distance between the working electrode and the

counter electrode was set at 3 cm. The surface of titanium

substrate was polished using a #400 diamond pad to re-

move the passive oxidized layer. We used two kinds of

electrolytes in this study. One electrolyte was a metastable

calcium phosphate solution (1.5SBF) [34] that had

1.5 times the ion concentrations of a normal simulated

body fluid [19–21]. The 1.5SBF was prepared by dissolv-

ing NaCl, NaHCO3, KCl, K2HPO4�3H2O, MgCl2�6H2O,

CaCl2 and Na2SO4 (Nacalai Tesque, Kyoto, Japan) in

ultrapure water, buffered at pH 7.40 at 36.5 �C with

tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2) and

1.0 M HCl (Nacalai Tesque). Another electrolyte was a

modified 1.5SBF (m-1.5SBF) with the composition of

1.5SBF, but without MgCl2�6H2O. The ion concentrations

in these solutions are listed in Table 1. The electrolyte was

heated to 36.5–60 �C using a magnetic stirrer with an

electric heater. The current was maintained at 1–40 mA.

The deposition time was varied from 1 min to 60 min. The

electrolyte was agitated using a magnetic stirrer during the

electrochemical deposition. After the deposition, the tita-

nium substrates were rinsed with distilled water and dried

at 37 �C in air.

Surface characterization

The morphology of the titanium substrates before and after

the electrochemical deposition was observed by field

emission scanning electron microscopy (FE-SEM; S-4500,

Hitachi, Tokyo, Japan). The thickness of the surface

deposited layer was measured using a scanning electron

microscope (SEM; VE9800, Keyence, Osaka, Japan). The

surface structure of the substrate was investigated by thin-

film X-ray diffraction (TF-XRD; RINT2500, Rigaku, To-

kyo, Japan) and Fourier transform infrared reflection

spectroscopy (FT-IR; Nicolet Magna 860, Thermo Electron

K.K., Kanagawa, Japan). The crystallite size of apatite was

calculated by Scherrer’s equation [35] using a full width at

half-maximum diffraction peak of apatite (002).

Results and discussion

Figure 1 shows TF-XRD patterns of titanium substrates

after electrochemical deposition in 1.5SBF and m-1.5SBF

at 41 �C for 60 min at a constant current of 13 mA. Peaks

attributed to apatite (002), (102) and (211) planes were

observed at 26�, 28� and 32� in 2h for substrates deposited

in m-1.5SBF, whereas they were not observed for sub-

strates deposited in 1.5SBF. Figure 2 shows FE-SEM

photographs of titanium substrate after electrochemical

deposition in m-1.5SBF at 41 �C for 60 min under 13 mA.

Tiny apatite crystals were formed on substrate after the

electrochemical deposition in m-1.5SBF. These results

indicate that magnesium ions may play an important role in

the apatite formation in this method. Ban et al. previously

reported that calcium phosphates including apatite and

octacalcium phosphate (Ca8H2(PO4)�5H2O) were formed

on titanium substrates in a modified simulated body fluid

without MgCl2�6H2O, KCl and NaHCO3 [30]. However, in

this study, apatite was formed on titanium substrates in m-

1.5SBF that did not contain MgCl2�6H2O, but that did

contain both KCl and NaHCO3. We speculated from this

result that the apatite formed is more similar to bone apatite

in its composition and structure than the apatite that was

reported by Ban et al., although the composition and

structure of the present apatite should be further investi-

gated.

In order to investigate the reason why apatite was not

formed on the substrate in 1.5SBF, surface structure of

titanium substrate after the electrochemical deposition in

1.5SBF was measured by XPS. Figure 3 shows an XPS

survey spectrum of titanium substrate after electrochemical

Table 1 Ion concentrations of SBF, 1.5SBF, m-1.5SBF and human

plasma

Ion Ion concentration/mM

Human plasma SBF 1.5SBF m-1.5SBF

Na+ 142.0 142.0 213.0 213.0

K+ 5.0 5.0 7.5 7.5

Mg2+ 1.5 1.5 2.3 0

Ca2+ 2.5 2.5 3.8 3.8

Cl– 103.0 147.8 221.7 217.2

HCO3
– 27.0 4.2 6.3 6.3

HPO4
2– 1.0 1.0 1.5 1.5

SO4
2– 0.5 0.5 0.8 0.8
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deposition in 1.5SBF at 41 �C for 60 min at 13 mA. Be-

sides titanium (Ti2p at 460 eV), peaks of calcium (Ca3p at

30 eV, Ca2p at 350 eV, Ca2s at 450 eV), phosphorus (P2p at

140 eV, P2s at 200 eV) and oxygen (O1s at 540 eV) were

observed. This means that calcium and phosphorus ions

were adsorbed onto the surface of titanium substrate. We

speculate from these results that magnesium ions did not

inhibit the adsorption of calcium and phosphate ions, but

did inhibit the transformation of amorphous calcium

phosphate into crystalline hydroxyapatite [36, 37]. We

therefore used m-1.5SBF as an electrolyte in the following

experiments.

Figure 4 shows the TF-XRD patterns of titanium sub-

strates after electrochemical deposition in m-1.5SBF for

60 min at 13 mA at different temperatures. Peaks of apatite

were observed for the electrolyte temperatures of 36.5 and

41 �C, whereas they were not observed for an electrolyte

temperature of 60 �C. When the electrolyte temperature

was increased to 60 �C, a homogeneous nucleation of

apatite occurred in the electrolyte, and the color of the

electrolyte became slightly opaque. As a result, apatite was

not deposited on the titanium substrate at 60 �C. The

intensity of the apatite peak increased with increasing

electrolyte temperature from 36.5 �C to 41 �C. This indi-

cates that apatite deposition is promoted when the elec-

trolyte temperature is increased. We can see from these
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Fig. 1 TF-XRD patterns of titanium substrates after electrochemical

deposition in 1.5SBF and m-1.5SBF at 41 �C for 60 min at 13 mA

Fig. 2 FE-SEM photographs of

titanium substrates after

electrochemical deposition in

m-1.5SBF at 41 �C for 60 min

at 13 mA
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Fig. 3 XPS survey spectrum of titanium substrates after electro-

chemical deposition in 1.5SBF at 41 �C for 60 min at 13 mA
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Fig. 4 TF-XRD patterns of titanium substrates titanium substrates

after electrochemical deposition in 1.5SBF at different temperatures

for 60 min at 13 mA
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results that uniform apatite coating on titanium substrate

was achieved even at the lower temperature of 40 �C

compared with the previous study (52 �C) [30], when m-

1.5SBF was used as an electrolyte.

Figure 5 shows TF-XRD patterns (a) and FT-IR spectra

(b) of titanium substrates after electrochemical deposition

in m-1.5SBF at 41 �C for 60 min at different currents. As

shown in Fig. 5(a), apatite diffraction peaks were observed

for currents from 3 mA to 40 mA, whereas they were not

observed for a current of 1 mA. This means that the current

in the present deposition method has a threshold. The

intensity of diffraction peak of apatite increased with

increasing current from 3 mA to 20 mA, but saturated at

currents of 20 mA and over. The saturation of peak

intensity might be attributed to the decrease in ion con-

centration of calcium and phosphorus in SBF by the growth

of apatite layer. The apatite is assumed to be a carbonate-

containing bone-like one, since FT-IR peaks at about 1,420

and 1,450 cm–1 ascribed to C–O bonding due to CO3
2– ion
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Fig. 5 TF-XRD patterns (a)

and FT-IR spectra (b) of

titanium substrates after

electrochemical deposition in

m-1.5SBF at 41 �C for 60 min

at different currents

Fig. 6 SEM photographs and

surface profiles of titanium

substrates after electrochemical

deposition in m-1.5SBF at

41 �C for 60 min at 3 and

20 mA
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Fig. 7 Change in crystallite size of apatite as a function of current
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Fig. 8 TF-XRD patterns of titanium substrates after electrochemical

deposition in m-1.5SBF at 41 �C for different deposition times at

13 mA
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[38] were observed for the substrates after deposition at

currents of 11 mA and more. Figure 6 shows SEM pho-

tographs and surface profiles of titanium substrates after

electrochemical deposition at 41 �C for 60 min at 3 and

20 mA. The apatite formed on the titanium substrate under

3 mA had an island-like shape, and its thickness was

approximately 1.8 lm. On the other hand, the apatite

deposited on titanium substrates at 20 mA forms a dense

and uniform layer, and its thickness was 3.6 lm. These

data indicate that current affects the thickness of apatite

layer, and that the thickness of apatite layer can be con-

trolled by the current. Figure 7 shows the change in the

crystallite size of apatite as a function of current. The

crystallite size of apatite took on almost constant values

between 16 nm and 18 nm irrespective of the current. This

suggests that the current does not cause large effects on the

crystallite size of apatite.

Figure 8 shows TF-XRD patterns of titanium substrates

after electrochemical deposition in m-1.5SBF at 41 �C for

different deposition times at 13 mA. Peaks of apatite were

not observed for deposition times from 1 min to 20 min, but

they were observed for deposition times of 40 and 60 min.

The intensity of the peak ascribed to apatite increased with

increasing deposition time from 40 min to 60 min. These

results suggest that deposition time has a large effect on

apatite formation. Figure 9 shows FE-SEM photographs of

titanium substrates after electrochemical deposition at

41 �C for different times at 13 mA. Apatite was not ob-

served after 1 min deposition, but it started to precipitate

after 5 min deposition. The area of apatite increased after

10 min deposition, and a dense apatite layer was partially

formed after 20 min deposition. After 40 and 60 min

deposition, a dense and uniform apatite layer covered whole

surface of the titanium substrates. These results are con-

sistent with the TF-XRD results shown in Fig. 7.

Conclusion

Apatite layer was successfully formed on titanium sub-

strates by electrochemical deposition in a metastable

calcium phosphate solution, which had 1.5 times the ion

concentrations of a normal simulated body fluid, but did

not contain MgCl2�6H2O, at 41 �C for 40 or 60 min at

13 mA. It was found that magnesium did not inhibit the

adsorption of calcium ions and phosphate ions, but did

inhibit the transformation of amorphous calcium phosphate

into crystalline hydroxyapatite. The current did not have a

large effect on the crystallite size of the apatite, but the

thickness of the apatite layer could be controlled by

deposition conditions such as electrolyte temperature,

current and deposition time. It is expected that electro-

chemical deposition will be useful as a rapid apatite coat-

ing process for metallic materials.
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