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Effect of pH on crystallization of sputtered

hydroxyapatite film under hydrothermal

conditions at low temperature

K. OZEKI∗, H. AOKI, Y. FUKUI
Frontier Research and Development Center, Tokyo Denki University, Ishizaka, Hatoyama,
Hiki, Saitama 350-0394, Japan
E-mail: ozeki@frontier.dendai.ac.jp

Hydroxyapatite (HA) was coated onto titanium substrates using radio frequency sputtering,
and the as-sputtered films were placed under hydrothermal conditions in distilled water
solutions at pH 5.0, 7.0 and 9.0 and 110◦C. The crystallinity, the Ca/P ratio, thickness, and
the surface of the films were observed using XRD, EDS, and SEM, respectively.

The as-sputtered film was crystallized in distilled water at varying pH after the
hydrothermal treatment, and the crystallinity of the film increased with treatment time. The
HA crystal size increased with pH. At pH 5.0, β-TCP was produced as well as HA. The Ca/P
ratio of the film decreased with increasing treatment, and the ratio at pH 9.0 was 1.74 after
48 h, while in pH 5.0 and 7.0 it was 1.63. After hydrothermal treatment, the film remnant
ratio increased with pH, with 75.9, 82.4 and 91.7% of the film remaining after 48 h at pH 5.0,
7.0 and 9.0, respectively. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Plasma spraying techniques are used to coat hy-
droxyapatite (Ca10(PO4)6(OH)2; HA) onto metal for
biomaterials such as dental implants and artificial
joints. However, the resultant HA coating is brittle be-
cause the coating is more than 50 µm in thickness, with
low density [1]. As an alternative, a radio frequency
(RF) sputtering technique has been investigated as a
method to obtain HA films less than 1 µm thick [2–5].
However, the sputtered HA film has low crystallinity,
and has Ca/P ratios higher than the 1.67 of stoichiomet-
ric HA, due to the inclusion CaO, which is cytotoxic
[6–8]. The low crystallinity accelerates the speed of
dissolution of the HA film in the living body, and this
high rate of dissolution leads to the disappearance of
films that bond to bone tissue at an early stage after
implantation [9–11]. Cooley et al. reported that HA
sputtered film around titanium implants was lost after 3
weeks of implantation [12]. Appropriate heat treatment
can improve the dissolution properties by crystallizing
the film. The crystallization of sputtered HA films
needs high temperature, e.g. over 600◦C in air [13], and
conventional heat treatment in an electric furnace leads
to films that tend to degrade and easily form cracks
between the film and the titanium substrate because of
differences in thermal expansion and the formation of
TiO2 [14]. Therefore, it is necessary to crystallize the
film at low temperature. A hydrothermal technique has
been used for synthesis of HA at less than 350◦C [15–
17].
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In a previous paper it was reported that sputtered HA
film could be crystallized in an electrolyte solution con-
taining Ca and P at 110◦C using a hydrothermal tech-
nique, without degradation of the film [18]. In pullout
tests using explanted femora from beagle dogs, the crys-
tallized film had 1.6 times higher bone bonding strength
than the plasma spray coating after 12 weeks of implan-
tation. The electrolyte solution was used to lower the
dissolution of the sputtered film during the hydrother-
mal treatment; however, the solution would also inhibit
HA crystal growth. In the present study, the sputtered
film was crystallized in distilled water at varying pH
during the hydrothermal treatment. After the treatment,
the films were investigated using X-ray diffractometry
(XRD), energy dispersive X-ray spectroscopy (EDS)
and scanning electron microscopy (SEM).

2. Materials and methods
2.1. Materials
The substrates used were titanium plates (10 × 10 ×
1 mm2). The surface roughness of the substrates (Ra)
was 1.0 ± 0.1 µm (N = 10). HA powder (Ube Mate-
rials Corp., Japan) was used for the sputtering target,
and the HA was heated to 900◦C for 1 h. The particle
size was 2–10 µm.

2.2. Methods
2.2.1. Preparation of HA films on titanium
RF magnetron sputtering was carried out using an
L-210HS-F (ANELVA Corp.) chamber. The distance
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between the target and the substrate was about 60 mm,
and the diameter of the target was 50 mm. Both the tar-
get and the substrate were water-cooled during the sput-
tering process. The sputtering chamber was evacuated
to a pressure below 1×10−5 Pa using an oil-diffusion
pump with a liquid nitrogen trap. Ar gas (99.999%) was
then introduced into the chamber by means of a mass
flow controller. Before deposition took place, the target
was pre-sputtered using Ar ions for 10 min, with the
substrate covered with a shield. The procedure to ob-
tain films 1 µm thick was carried out at an Ar pressure
of 0.5 Pa and a discharge power of 100 W.

2.2.2. Hydrothermal treatment
Hydrothermal treatment was carried out in distilled wa-
ter at 110◦C and 0.145 MPa using an autoclave. The
pH of the distilled water used as the hydrothermal so-
lution was adjusted to 5.0, 7.0 and 9.0 with NaOH/HCl.
Twenty-five plates were placed in 500 ml of the each
solution during the treatment. The treatment times se-
lected were 6, 12, 24, 48 and 72 h.

After the hydrothermal treatment, each plate was
identified using XRD (RINT2000; Rigaku Corp.) with
a CuKα radiation source operating at 40 kV and a
40 mA excitation current. Surface observation and ele-
mental analysis of the films were carried out using SEM
(JSM-5310LVB; JEOL) and EDS (JED-2140; JEOL)
with an accelerating voltage of 20 kV. The (Ca + P)/Ti
atomic ratio of the samples was analyzed before and af-
ter the hydrothermal treatment using the ZAF method
by EDS, with an accelerating voltage of 20 kV. The film
thickness was calculated from a calibration curve of the
(Ca+P)/Ti ratio versus film thickness, and the percent-
age remnant film thickness was calculated by dividing
the remnant film thickness by the initial film thickness.
The initial film thickness on all plates was determined
to be 1.0–1.2 µm. The Ca/P ratio of the films was also
calculated using EDS, and the final result was obtained
from the average of five samples.

3. Results and discussion
3.1. XRD and SEM observations of the

sputtered films after hydrothermal
treatment in pH 9.0 solution

Fig. 1 shows XRD patterns of an HA target and an as-
sputtered film on titanium. Fig. 1a shows highly crys-
talline HA in the target. In Fig. 1b, a broad peak was
observed at around 2θ = 31◦, corresponding to non-
crystalline HA; in addition, three strong titanium peaks
were observed at 2θ = 35.1◦, 38.4◦ and 40.1◦. Fig. 2
shows XRD patterns of the films with varying treat-
ment time at pH 9.0. The number of sharp HA peaks
(∇) increased with treatment time. A sharp peak ap-
peared at 2θ = 25.8◦ corresponding to the (002) plane,
after 6 h, then a peak at the (112) plane appeared at
2θ = 32.2◦ after 24 h. The (002) plane peak decreased
with treatment time. Fig. 3 shows the intensity ratio of
the (002) and (300) HA planes in the XRD patterns as
a function of the treatment time. The I002/I300 of stan-
dard hydroxyapatite (JCPDS No.9–432) is 0.67. The
ratio was 2.4 after 6 h and decreased to 0.73 after 72 h,

Figure 1 XRD patterns of: (a) the HA target used for sputtering and (b)
an as-sputtered film. Key: Ti = titanium substrate.

Figure 2 The XRD patterns of the sputtered films after hydrothermal
treatment. Key: ∇ = HA.

close to 0.67. This indicates that HA crystals preferen-
tially grew along the c-axis early in the reaction, then
grew preferentially along the a-axis, which correspond
with the HA crystals growing from needle-like shapes
to flat-hexagonal shapes.

Fig. 4 shows SEM photos of the sputtered films
with varied treatment times at pH 9.0. Needle-like HA
crystals 0.2–0.3 µm in width and 1–2 µm in length
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Figure 3 Intensity of the 002 and 300 planes of hydroxyapatite in the
XRD pattern of the sputtered films as a function of hydrothermal treat-
ment time (N = 5).

were observed after 6 h, then, after 12 h, some flat
hexagonal HA crystals 1–1.5 µm in width and 2–
3 µm in length grew. After 24 h, all parts of the sur-
face were covered by flat hexagonal HA crystals. This
SEM result corresponds with the decrease in I002/I300
ratio with treatment time (Fig. 3). Ban et al. also re-
ported in HA deposition using a hydrothermal electro-
chemical method, and the c-axis/a-axis of the needle-
like apatite decreased with increasing treatment time
[15].

Figure 4 SEM photographs of the sputtered films: (a) before, and (b) 6, (c) 12, and (d) 24 h after being subjected to the hydrothermal treatment.

In general, HA crystal preferentially grows along the
c-axis. The probability of deposition in the c-plane
is higher than in the a-plane because the c-axis is
considerably smaller than the a-axis in HA crystals.
The lattice constants of HA are a = 0.9418 nm and
c = 0.6884 nm [1, 7]. Onuma et al. explained the c-
axis preferential crystal growth of HA using a clus-
ter growth model in which clusters of Ca9(PO4)6 de-
posit along the c-axis binding Ca(1) as a centre [19].
Then the preferential crystal growth changes from the
c-axis to the a-axis to maintain its surface energy
at an upper limit because the surface energy of the
crystal increases with height of deposition along the
c-axis.

3.2. XRD and SEM observation of the
sputtered films after hydrothermal
treatment in solutions of varying pH

Fig. 5 shows the XRD patterns of the film in solutions at
pH 5.0, 7.0, and 9.0 after 24 h hydrothermal treatment.
At pH 9.0, six strong HA peaks (∇) were clearly ob-
served at 2θ = 10.8, 25.9, 31.8, 32.2, 32.9, and 34.0◦.
When the pH was lowered, the peaks became broader.
At pH 5.0, three peaks additional to the HA peaks ap-
peared at 2θ = 10.9, 25.8 and 27.8◦, corresponding to
β-TCP (�).

Fig. 6 shows the pH changes in the pH 5.0, 7.0, and
9.0 solutions with treatment time. In the pH 9.0 solution,
the pH value was almost constant between pH 8.88 and
9.12. However, in the pH 7.0 and 5.0 solutions, the pH
value rapidly rose to pH 8.03 and 7.15, respectively,
after 6 h, because of dissolution of CaO from the as-
sputtered film. Lucas et al. and Ozeki et al. reported
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Figure 5 The XRD patterns of the sputtered films after the hydrothermal
treatment for 24 h in solutions at pH 5.0, 7.0, and 9.0, Key:∇ = HA,� =
β-TCP.

Figure 6 pH of each solution (pH 5.0, 7.0, 9.0) as a function of the
hydrothermal treatment time.

that as-sputtered films from HA targets include CaO as
well as HA [6, 7]. The pH value was highest after 12 or
24 h, and slightly decreased after that due to absorption
of CO2 from the air.

Fig. 7 shows the Ca/P ratio of the film in the pH
5.0, 7.0, and 9.0 solutions. The initial Ca/P ratio was
2.03, more than the 1.68 of stoichiometric HA due to
the CaO, as shown in Fig. 6. In the pH 9.0 solution, the
Ca/P ratio decreased, and remained at 1.74 after 48 h.

Figure 7 Ca/P ratios of the sputtered films in pH 5.0, 7.0, 9.0 solutions
as a function of the hydrothermal treatment time (N = 54). The dotted
line indicates Ca/P = 1.68.

The Ca/P ratio decreased with diffusion of CaO into the
solution because CaO has high solubility. A film with a
Ca/P ratio of 1.74 can be calculated to include 2.5 wt%
of CaO. At pH 7.0 and 5.0, the Ca/P ratio remained at
1.63 after 24 and 12 h, respectively, a value that is lower
than 1.68. During the hydrothermal treatment, the as-
sputtered film was crystallized by repeated dissolution
and recrystallization. At pH 7.0 and 5.0, β-TCP (�)
as well as HA (∇) can be crystallized. From Fig. 5,
from the XRD pattern, β-TCP was also observed in the
pH 5.0 solutions. Films that have a Ca/P ratio of 1.63
would include 28% TCP because the Ca/P ratio of TCP
is 1.5. Together, this indicates that dissolved Ca and P
ions from the sputtered film were recrystallized to β-
TCP in acid solution. β-TCP is prepared at pH 4–7 in
wet methods [1]. Bouler et al. studied the influence of
pH on synthesis of HA and β-TCP from hydrolyzed
dicalcium phosphate dihydrate solutions. They showed
that the ratio of β-TCP to HA increases with decreasing
pH and that 100% β-TCP can be synthesized below pH
6.98 [20].

Fig. 8 shows SEM photos of the sputtered films after
the 24 h treatment in solutions at pH 5.0, 7.0, and 9.0.
In pH 9.0 solution, flat hexagonal HA crystals, as seen
in Fig. 4, were observed (Fig. 8d). The size of the HA
crystals decreased with pH, and they were less than 0.1
µm at pH 5.0 (Fig. 8b). A driving force of crystal growth
is the degree of supersaturation. The degree of super-
saturation decreases with pH because the solubility of
calcium phosphates increases with decreasing pH [21–
23]. Consequently, HA crystal growth rate decreases
with pH.

3.3. Thickness of the sputtered films after
hydrothermal treatment at varying pH

Fig. 9 shows remnant film thickness to initial film thick-
ness ratios with treatment times at pH 5.0, 7.0, and 9.0.
In all solutions, the ratio dropped after 6 h, and be-
come stable after 48 h. These ratios were 75.9, 82.4

2840



Figure 8 SEM photographs of the sputtered films: (a) before, and after being subjected to the hydrothermal treatment for 24 h at (b) pH 5.0 (c) 7.0,
and (d) 9.0.

Figure 9 Remnant film ratios of the sputtered films at pH 5.0, 7.0, 9.0
as a function of the hydrothermal treatment time (N = 5).

and 91.7% at pH 5.0, 7.0 and 9.0, respectively. The
ratio decreased with pH values. The pH 9.0 solution
suppressed dissolution of the film during the treatment
because of the low solubility of HA at this pH, even
at high temperature. Zhang et al. reported that the
dissolution of HA varied with solution pH at 200◦C.
The dissolution of HA at pH 5.0 and 7.0 is about 2.0
and 1.4 times higher, respectively, than that at pH 9.0
[24].

The sputtered HA film has high solubility because
of its low crystallinity. The film completely dissolves
in physiological saline (0.9% NaCl) at 37◦C within

24 h [18]. Ohtsuka et al. also reported that the HA
film dissolved within 1 day in Hank’s solution [25]. In
the present study, we suppressed the dissolution of the
film by lowering the solubility of the HA using a hy-
drothermal technique. The solubility of calcium phos-
phates decreased with solution temperature. The rela-
tionship between solubility and solution temperature is
given by log K s = −8219.41/T −1.6657−0.09825T
[26]. From this equation, the solubilities, Ks, are
3.16 × 10−59 and 2.304 × 10−59 mol/L at 0 and 37◦C,
respectively. Ks decreased with the solution tempera-
ture, and reached 1.75 × 10−61 mol/L at 110◦C.

From above results, for less dissolution of the film
and thus successful application to biomaterials, the as-
sputtered film has to be recrystallized by hydrothermal
treatment in a pH 9.0 solution. The treatment time needs
to be greater than 48 h to obtain the appropriate Ca/P
ratio in the film, slightly higher than stoichiometric HA.
Lastly, the film must be immersed in distilled water or
saline to remove any CaO.

4. Conclusions
As-sputtered films were crystallized in distilled wa-
ter at varying pH by hydrothermal treatment, and the
crystallinity of the film increased with treatment time.
The HA crystal size increased with pH. At pH 5.0, β-
TCP as well as HA was identified from XRD pattern.
The Ca/P ratio of the film decreased with the treat-
ment time, and the Ca/P ratio at pH 9.0 was 1.74 after
48 h, and 1.63 at pH 5.0 and 7.0. The remnant film
ratio increased with pH, and 75.9, 82.4 and 91.7% re-
mained after a 48 h treatment time at pH 5.0, 7.0 and 9.0,
respectively.
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