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FULL LENGTH ARTICLE

Apatite formation on electrochemically modified surface of hafnium metal in 
simulated body environment
Toshiki Miyazaki1,2 and Yosuke Sudo1

1Graduate School of Life Science and System Engineering, Kyushu Institute of Technology, Kitakyushu, Japan; 2Collaborative Research 
Centre for Green Materials on Environmental Technology, Kyushu Institute of Technology, Kitakyushu, Japan

ABSTRACT
Biomedical application of Hf for hard tissue repair may be expanded if it can be imparted with 
bone-bonding ability. Apatite formation in the body is required for artificial materials to bond 
to bone. We have shown that apatite can form on NaOH- and heat-treated Hf in simulated body 
fluid, although the degree of apatite formation is not high. In this study, we investigated 
apatite formation on surface-modified Hf metal in simulated body fluid. Hf substrates were 
soaked in NH4F solution or electrochemically polarized in H2SO4 or NH4F solution, followed by 
heating at 600°C. The sample soaked or cathodically polarized in NH4F solution had porous 
structure, and the anodically polarized sample had nanotube aggregates on its surface. F was 
incorporated into the sample polarized in NH4F solution, but not the sample merely soaked in 
the solution. NH4F was more effective than H2SO4 in facilitating apatite formation. Remarkably, 
the sample soaked in NH4F solution had the highest apatite-forming ability. Its porous structure 
was considered to play a dominant role in apatite formation. Furthermore, there was little 
correlation between surface energy and apatite formation. Notably, NH4F treatment is more 
effective than the previously reported NaOH and heat treatments in promoting apatite 
formation.
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1. Introduction

Hf belongs to the same group 4 elements as Ti and 
Zr which are used for hard tissue repair. Therefore, 
Hf is expected to be biologically compatible similar 
to Ti and Zr. Actually, it is reported that pure Hf 
shows osseointegration where it morphologically 
integrates with bone tissue of rat femur [1]. 
However, even when the metals show the osseoin
tegration, the bond strength is very low [2–4]. 
Low-crystalline apatite formed on the implanted 
surface by reaction with body fluid is required for 
artificial materials to bond tightly to bone [5]. 
Apatite can form in simulated body fluid (SBF) 
with inorganic ion concentrations similar to that 
of extracellular fluid [6–8]. For this purpose, various 
chemical surface modifications of the artificial 
material have been proposed [9,10].

Although pure Hf has not been clinically used, various 
alloys with high Hf content have been developed for 
biomedical applications. For example, it is known that 
tensile strength and hardness of Ti-40Hf alloy are higher 
than pure Ti [11]. Anodized Ti-40Hf shows enhanced 
corrosion resistance compared to pure Ti [12]. Also, Ti- 
Nb-Hf-Zr alloy with Hf content of 16 mass% has been 
proposed for the purpose of reducing the elasticity of Ti 
[13]. Therefore, improvement of bone-bonding ability of 
Hf is considered to be meaningful.

We have previously reported that apatite formation 
was observed on pure Hf and Ti-Hf alloy in SBF after 
NaOH and heat treatments [14], although their apatite- 
forming abilities were lower than those of NaOH- and 
heat-treated Ti. Yang et al. demonstrated that anodic 
polarization can facilitate apatite formation on Ti metal 
[15]. In addition, TiO2 nanotubes can be constructed on 
the Ti surface via anodic polarization in a fluoride solu
tion [16], and this specific porous structure is effective 
for sustained drug release [17]. Notably, anodic polar
ization can also be used to fabricate HfO2 nanotubes 
on Hf metal [18].

In this study, we investigated the apatite-forming 
ability of Hf metal in SBF after the various surface 
modifications: different electrochemical polarizations 
in a solution of H2SO4 or NH4F and soaking in 
a solution of NH4F.

2. Materials and methods

2.1. Sample preparation

The reagents used to prepare SBF were purchased from 
Nacalai Tesque Inc. (Kyoto, Japan). The other reagents 
were purchased from FUJIFILM Wako Pure Chemical Co. 
(Osaka, Japan). Hf plates of 0.1x10x10 mm in size (The 
Nilaco Co., Tokyo, Japan) were used as the substrate. 
The surfaces were dry-grinded with #500 SiC water- 
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resistant abrasive paper. In the polarization treatment, 
Hf plates were used as both the anode and the cathode. 
The substrates were anodically polarized in 3 M H2SO4 

at 30 V for 20 min or in a solution containing 16 mL of 
ethylene glycol, 4 mL of ultrapure water, and 0.1 mol of 
NH4F at 30 V for 20 or 60 min. To determine the solu
tion composition, we referred to a previous report [18].

Cathode polarization treatment was performed in 
the above NH4F-containing solution step-by-step at 
15 V, 30 V, and 45 V [17]. Samples were kept for 
20 min at each voltage. Furthermore, Hf plates were 
soaked in a solution containing 20 mL of ultrapure 
water, 80 mL of formamide, and 0.1 mol of NH4F at 
room temperature for 60 min.

The samples subjected to the above treatments 
were subsequently heated at 600°C for 1 h using an 
electric furnace (300Plus, DENKEN-HIGHDENTAL Co., 
Ltd., Kyoto, Japan). The samples heat-treated after 
anodic polarization in H2SO4 solution for 20 min, ano
dic polarization in NH4F solution for 20 or 60 min, 
cathodic polarization in NH4F solution for 20 min, and 
soaking in NH4F solution for 60 min are hereafter 
denoted as SA, FA20, FA60, FC, and FS, respectively.

2.2. Soaking in SBF

The treated substrates were soaked in 30 mL of SBF 
containing 142.0 mM Na+, 5.0 mM K+, 2.5 mM Mg2+, 
147.8 mM Cl−, 4.2 mM HCO3

−, 1.0 mM HPO4
2−, and 

0.5 mM SO4
2− at 36.5°C for various time periods. The 

pH of the solution was buffered at 7.40 using 50 mM 
tris(hydroxymethyl)aminomethane and an appropriate 
amount of HCl. The SBF was prepared in accordance 
with reported procedures [6–8]. After the substrates 
were soaked in SBF, they were removed from the SBF 
and then washed with ultrapure water for 30 min to 
remove excess water-soluble salts on their surfaces.

2.3. Characterization

The substrate surfaces were characterized using 
scanning electron microscopy (SEM, S-3500 N, 
Hitachi Co., Tokyo, Japan), field emission scanning 
electron microscopy (FE-SEM, JSM-7800 F, JEOL Ltd., 
Tokyo, Japan), energy dispersive X-ray spectroscopy 
(EDX, EX-400, Horiba Co., Kyoto, Japan), and thin- 
film X-ray diffraction (TF-XRD, MXP3V, Mac Science 
Ltd., Yokohama, Japan). In the TF-XRD experiments, 
CuKα X-ray with a voltage of 40 kV and a current of 
30 mA was used. The incident beam was fixed at 1° 
to the surface of each substrate, and the scan rate 
was 0.02°·s−1. All the specimens were coated with an 
Au-Pd thin film before SEM observations using an 
ion sputter (E-101, Hitachi Co., Tokyo, Japan). The 
atomic ratio of each element was calculated from 
the peak areas of the EDX spectrum.

Contact angles were measured using a contact 
angle meter (DMe-200, Kyowa Interface Science Co., 
Ltd, Saitama, Japan). The surface energy was calculated 
from the contact angles determined using ultrapure 
water and CH2I2. The following equations of the Owens 
and Wendt theory were used [19]: 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

γd
S � γd

H2O

q

þ
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γX ¼ γd
X þ γh

X (X = s, H2O, CH2I2) (3)
where γx (X = H2O, CH2I2) is the total surface energy 

per unit area in medium X and γS is the total surface 
energy of the solid sample. Additionally, γx

d and γx
h are 

dispersion components based on dipole-dipole interac
tions and hydrogen bonding, respectively. The values of 
γH2O

d and γH2O
h were respectively 21.8 and 51.0 mJ·m−2, 

and the values of γCH2I2
d and γ CH2I2

h were respectively 
49.5 and 1.3 mJ·m−2. The contact angles θH2O and θCH2I2 

were measured using water and CH2I2, respectively.

3. Results

Table 1 shows the F content of the samples after 
various treatments. FA20 and FC contained approxi
mately 0.1% F, and SA and FS did not contain any F.

Figure 1 shows FE-SEM photograph of the surface of 
a sample anodically polarized in NH4F solution. The 
surface contained aggregates of nanotubes with 
a pore size of approximately 30 nm. Figure 2 shows 
SEM photographs of SA and FA20 before and after 
soaking in SBF. A rough surface was observed before 
soaking, and spherical particles were observed after 
both substrates were soaked in SBF. The degree of 
particle coverage was higher in FA20 than in SA. 
Figure 3 shows the TF-XRD patterns of the same sam
ples. The formation of monoclinic HfO2 (JCPDS #34- 
0104) was observed for both SA and FA20. After soak
ing in SBF, a small diffraction peak assigned to apatite 
(JCPDS #09-0432) was detected only in FA20. Table 2 
shows the elemental composition of the apatite 
formed on FA20. The composition of F was 0.14%, 
and the Ca/P molar ratio of apatite was 1.80 higher 
than the stoichiometric value of hydroxyapatite (1.67).

Table 1. F content of the samples after various treatments.
Sample F/(F + O+ Hf)

SA 0
FA20 0.179 ± 0.00721
FC 0.165 ± 0.0207
FS 0
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Figure 4 shows the TF-XRD pattern and SEM photo
graph of FA60 before and after soaking in SBF for 
3 days. After FA60 was soaked in SBF, apatite peaks 
were observed and the spherical particles covered 
most of the substrate surface.

Figure 5 shows the SEM photographs of the Hf sub
strate after cathodic polarization and heat treatment, 
followed by soaking in SBF. After cathodic polarization, 
many pores with sizes of approximately 1 µm were 
observed. After the heat treatment, needlelike crystals 
were observed. After subsequent soaking in SBF, sphe
rical particles covered the surface of the substrate. 
Figure 6 shows the TF-XRD pattern of the same samples. 
Hafnium hydride was formed after cathodic polarization, 
and it was completely converted to monoclinic HfO2 

after the heat treatment. Apatite peaks were detected 
after the samples were soaked in SBF.

Figure 1. FE-SEM photograph of Hf substrate anodically polar
ized in NH4F solution.

Figure 2. SEM photographs of SA and FA20 before and after soaking in SBF. Soaking time is 7 days for SA and 8 days for FA20.

Figure 3. TF-XRD patterns of SA and FA20 before and after soaking in SBF. Soaking time is 7 days for SA and 8 days for FA20.
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Figure 7 shows SEM photographs of the Hf substrate 
after it was soaked in NH4F solution, heat-treated, and 
subsequently soaked in SBF. After NH4F treatment, 
a porous morphology was observed, and the pores 
were 2 to 3 µm in size. This morphology did not change 
significantly after the heat treatment. After soaking in SBF, 
the substrate surface was covered with newly formed 
particles. Figure 8 shows the TF-XRD pattern of the same 
surfaces. Only Hf peaks (JCPDS #38-1478) were observed 
after NH4F treatment, and monoclinic HfO2 peaks were 
detected after the heat treatment. Apatite peaks were 
detected after soaking in SBF.

Table 3 shows the contact angles using ultrapure 
water and the surface energies of the samples. The 
contact angle increased in the order of 
FA20<SA<FS<FC, whereas the surface energy 
decreased in the order of FA20>SA>FS>FC.

4. Discussion

4.1. Surface morphology and chemical 
composition

The HfO2 crystalline phase was observed on all the 
sample surfaces after heat treatment, although the 
morphology was different among the surfaces. That 
is, nanotubes were observed on the surface of FA20, 
whereas micropores were observed for FC and FS. 
In the case of FC, the hafnium hydride formed by 
cathodic polarization decomposed under heat treat
ment to form numerous pores. Titanium hydrides 
have been reported to play the role of pore-forming 
agents [20].

Figure 4. SEM photographs and TF-XRD patterns of FA60 before and after soaking in SBF for 3 days.

Figure 5. SEM photographs of Hf substrates after cathodic polarization in NH4F solution and heat treatment, followed by soaking 
in SBF for 8 days.

Table 2. Elemental composition of the apatite formed on 
FA20.

Element Atomic ratio (%)

O 27.1
F 0.14
P 25.8
Ca 46.4
Hf 0.58
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Yang et al. reported that although few pores form 
on the surface of Ti anodically polarized at low vol
tages, the surface becomes highly porous when it 
encounters spark discharges at voltages greater than 
150 V [15]. Because no spark discharge occurred during 
the preparation of SA, the present results are consis
tent with this report. In the present study, apatite 
formation was induced by electrochemical polarization 

at voltages lower than 50 V or by soaking in NH4 

F solution. Therefore, the present methods are safe 
surface modification processes.

Among the samples treated with NH4F solution, FS 
did not contain F on its surface. When Ti is anodically 
polarized in NaF solution, the formed TiO2 reacts with 
NaF to give a fluoro titanium complex according to the 
following reactions [21]: 

Figure 6. TF-XRD patterns of Hf substrates after cathodic polarization in NH4F solution and heat treatment, followed by soaking in 
SBF for 8 days.

Figure 7. SEM photographs of Hf substrates after soaking in NH4F solution and heat treatment, followed by soaking in SBF for 
7 days.
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Ti þ 2H2O! TiO2 þ 4Hþ þ 4e� (3) 

TiO2 þ 6F� þ 4Hþ ! ½TiF6�
2�
þ 2H2O (4) 

Therefore, F was not incorporated into FS because 
a HfO2 layer did not form on its surface by mere soak
ing in NH4F (Figure 8).

Chen et al. investigated the surface structure of Ti 
soaked in NaF solution under various conditions [22]. 
When Ti was soaked in NaF aqueous solution at pH 
7.3, the F content determined using X-ray photoelectron 
spectroscopy (XPS) was approximately 0.5%, and the 
F content increased with a decrease in pH. XPS generally 
detects chemical composition on a thin surface layer less 

than 10 nm in thickness. There is a possibility that a small 
amount of F was incorporated into FS. However, in the 
case of FC, F was incorporated into the surface because 
F− is attracted to the cathode in the applied electric field.

4.2. Apatite-forming ability

In a previous study, although the spherical particles 
formed in SBF were observed in a part of the Hf substrate 
treated with NaOH and heat, they were not identified as 
apatite using TF-XRD [14]. However, apatite was detected 
using TF-XRD when Hf was treated in NH4F solution 
(Figures 3,4,6,8). Therefore, the apatite-forming ability of 
Hf should be improved by the present method.

Although all the samples had a layer of HfO2, the 
apatite-forming ability of each sample in SBF was dif
ferent. Namely, the TF-XRD pattern of SA did not con
tain diffraction peaks arising from apatite. It is likely 
that the formed calcium phosphate is amorphous or its 
amount is small. However, the apatite-forming ability 
of the samples treated in the fluoride solution was 

Figure 8. TF-XRD patterns of Hf substrates after soaking in NH4F solution and heat treatment, followed by soaking in SBF for 
7 days.

Table 3. Contact angle using ultrapure water and surface 
energy of the samples.

Sample Contact angle/° Surface energy γs/mJ·m−2

SA 32.3 ± 0.4 67.7
FA20 4.93 ± 0.850 75.7
FC 76.3 ± 0.306 43.5
FS 58.9 ± 0.404 52.8
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higher than that of SA. Among them, FS with the high
est apatite/HfO2 peak intensity ratio is considered to 
have an excellent apatite-forming ability.

The degree of apatite formation in SBF was similar 
between FA20 after 8 days and FA60 after 3 days, 
indicating that an increase in anodic polarization time 
in NH4F solution up to 60 min increased the amount of 
formed HfO2 nanotubes, which in turn increased the 
amount of apatite formed.

For both anodic and cathodic polarizations, if the 
internal resistance of the polarization apparatus is R, 
the amount of electricity required to prepare FC (QFC) 
can be calculated as follows: 

QFC ¼ It ¼
15
R
þ

30
R
þ

45
R

� �

� 20� 60 ¼
108000

R
(5) 

Assuming that the internal resistance is the same as in 
cathodic polarization, the amount of electricity 
required to prepare FA60 (QFA60) can be calculated as 
follows: 

QFA60 ¼ It ¼
30
R
� 60� 60 ¼

108000
R

(6) 

Therefore, both amounts of electricity are equal. HfO2 

formation by anodic polarization is described as 
follows: 

Hf þ 2H2O! HfO2 þ 4Hþ þ 4e� (7) 

However, hafnium hydride formation by cathodic 
polarization is described as follows: 

Hf þ 1:628Hþ þ 1:628e� ! HfH1:628 (8) 

For the same amount of electricity, the amount of 
hafnium hydride formed on the cathode is 2.5 times 
that of HfO2 formed on the anode. Considering that 
the degree of apatite formation in SBF is almost 
equivalent between FA60 after 3 days and FC after 
8 days, the apatite-forming ability of the anodically 
formed HfO2 is superior to that of the cathodically 
formed hydride.

It has been reported that the higher the surface 
energy of surface-treated titanium, the greater the 
apatite-forming ability [23,24]. However, in this study, 
no correlation was found between surface energy and 
apatite-forming ability. For example, although SA had 
a relatively high surface energy, its apatite-forming 
ability was low. The surface energy shown in Table 3 
is a value per unit area, and therefore the actual total 
surface energy differs depending on the surface topol
ogy [25]. Because there is no difference in the surface 
crystalline phase, the differences in apatite formation 
likely arise from differences in the pore structure. The 
above postulate is supported by previous results that 
the greater the roughness of the Ti, Zr, and Ti-Zr alloy 
treated with NaOH and heat, the higher the apatite- 

forming ability [26]. An increase in specific surface area 
also enhances the adsorption of Ca and P in SBF as 
a precursor of apatite.

When the Hf substrates were electrochemically 
polarized in NH4F solution, F was incorporated into 
the surfaces of the substrates (Table 1). F was also 
detected in the formed apatite (Table 2). F is known 
to stabilize apatite crystals [27], although when bone- 
bonding bioactive glass contains an excessive amount 
of F (approximately 10%), CaF2 is formed in SBF to 
suppress apatite formation [28]. In this study, even 
F-free FS showed excellent apatite formation, suggest
ing that F plays a minor role in enhancing apatite 
formation.

Aita et al. demonstrated that adding F to modified 
SBF produces highly oriented apatite crystals, similar to 
that of tooth enamel [29]. In future, morphological 
control of apatite may be possible by changing the 
F content of the electrolyte.

5. Conclusions

In summary, we investigated the apatite-forming 
ability of surface-modified Hf metal in SBF. Hf sub
strates were electrochemically polarized in H2SO4 or 
NH4F solution or soaked in NH4F solution and then 
heated at 600°C for 1 h. NH4F treatment was more 
effective than H2SO4 treatment in imparting the 
metal with enhanced apatite-forming ability. 
Among the surface modification methods investi
gated, soaking the Hf metal in NH4F solution was 
the most effective for enhancing apatite formation. 
Notably, the surface pore structure, rather than the 
surface energy and F content, played a dominant 
role in apatite formation. In future studies, the effect 
of incorporated F amount on the orientation of the 
apatite crystal will be investigated. Findings of this 
study would help to clarify the basic principles gov
erning the bone-bonding ability of artificial 
materials.
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