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Abstract: The authors aimed to improve hydroxyapatite formation ability of Ti6Al4V, Ti-15Mo-5Zr-3Al (TMZA) alloy, Ti-12Ta-
9Nb-62Zr-3V-0 alloy (Gummetal®) and commercially pure Ti (cpTi) mesh by combination of acid etching and apatite nuclei
precipitation. Surfaces of specimens were etched with H,SO, for pores formation on the specimens. Thus-etched specimens
were soaked in an alkalinized simulated body fluid (SBF) which was adjusted at higher pH than that of conventional SBF and
this solution was subsequently heated. By this treatment, apatite nuclei were precipitated in the pores of the specimens. By
a soak in the conventional SBF to check hydroxyapatite formation ability, hydroxyapatite was covered the entire surfaces of
the specimens within 1 day and high hydroxyapatite formation ability was successfully shown. Adhesion strength of the
hydroxyapatite film formed in the above SBF test showed larger value as increasing surface roughness of the specimens by
adjusting the above acid etching condition depending on the kinds of the Ti-based alloys. This is because the adhesion of the
hydroxyapatite film was occurred by mechanical interlocking effect. In addition, this method showed shape selectivity of the
materials because similar hydroxyapatite formation ability could be introduced to the cpTi mesh.

1. Introduction

It is well known that Ti metals and its oxides display
unique and attractive material properties in various industrial
applications. For example, Ti metals are well biocompatible
because titanium oxide film is spontaneously formed on the
surface of Ti metal. Thus-formed titanium oxide film not only
protects Ti metals against corrosion but also improves affinity
to living bone of Ti metals. In addition, titanium oxide has
been commercially used especially as white pigment in paints,
colorants, plastics, coatings, cosmetics, and so on [1].
Recently, furthermore, it has been also reported that some
kinds of titanium oxide showed antimicrobial activity [2].
Thus, Ti-based materials possess attractive possibilities to
advance wide range of clinical and industrial applications.

Ti-based alloys are the most general metallic dental or
orthopaedic materials because of their excellent mechanical
performance, corrosion resistance, low cost, and so on. For
example, Ti6Al4V is the most typical metallic implant
material because its mechanical strength is superior than that
of commercially pure Ti (cpTi). However, Ti6Al4V contains
vanadium with cytotoxicity and its Young’s modulus is
significantly higher than that of living bone. From this reason,
many researchers have studied the development of novel
kinds of Ti-based alloys with improved mechanical and
biological properties. For example, Ti-15Mo-5Zr-3Al
(TMZA) is one of the alternative candidates which does not
contain cytotoxic vanadium in its metallic component and
possesses higher tensile strength and lower Young’s modulus
than the Ti6Al4V [3] and standardized to International
Standards Organization (ISO) specification 5832-14 [4]. In
addition, Ti-12Ta-9Nb-6Zr-3AlI-O (Gummetal®) has been
also developed as super elastic and shape memory Ti-based
alloy [5].

In the research field of metallic biomaterials, it is well
known that Ti implanted in bone defects shows
osseointegration, that is, Ti can attach with bone tissues in an

optical microscopic level [6]. However, its bioactivity, that is,
the biological properties that materials implanted in bone
defects form hydroxyapatite (HAp) film on their surfaces
spontaneously and bond to bone tissues strongly through the
HAp film, is significantly lower than that of typical bioactive
ceramics such as Bioglass® [7], glass ceramic A-W® [8] and
sintered HAp [9]. In order to apply Ti-based alloys as highly
bioactive artificial bone or bioactive dental devices, it is
further required to develop effective surface modification
methodologies to improve their bioactivity.

In these days, many types of surface modification
processes for Ti-based alloys have been developed to
improve their bioactivity and bonding strength with bone
tissues. Among them, coatings techniques of biologically
active ceramics are one of the main bioactive material designs.
For example, sputtering [10], plasma spraying [11], sol-gel
coatings [12], alkali and heat treatment [13-15], and acid and
heat treatment [16] are one of the famous methodologies.
However, the sputtering and plasma spraying require
expensive equipment. The sol-gel process requires strict
control of reaction atmosphere to suppress hydrolysis of
reaction solution. Mechanical properties of Ti-based alloys
are significantly changed at higher than 500 °C and deviate
from the desired properties [17]. Therefore, it is desirable to
keep mild temperature as possible in the surface modification
processes of the Ti-based alloys.

In the previous study, the authors reported the
preparation methodology of bioactive materials by
incorporation of apatite nuclei (ApN) to completely bioinert
or low bioactive materials [ 18]. When the specimens with fine
pores were soaked in the conventional simulated body fluid
(SBF) [19-21] with inorganic ion concentration and pH value
nearly equal to that of blood plasma and its pH and
temperature were raised, nucleation of calcium phosphate
was promoted and calcium phosphate fine particles, which we
refer as ‘apatite nuclei’ (ApN), were precipitated in the pores.
Thus-treated specimens showed high HAp formation ability



regardless of whether the specimen was bioactive or
completely bioinert. In fact, the authors successfully imparted
high HAp formation ability to stainless steels (SUS) [22],
CoCr-based alloy [23], and polyetheretherketone (PEEK)
[24,25] by the above surface modification techniques
although these specimens were completely bioinert. In the
above case of PEEK, good bone-bonding ability introduced
by the ApN was demonstrated in animal test [26].

Because the above surface modification technique
could be applied to various kinds of bioinert materials, it
could be applied to Ti-based alloys, too. In our previous study,
the authors tried to obtain roughened surface on the cpTi and
four kinds of Ti-based alloys by sandblasting process using
alumina or silicon carbide grinding particles and
subsequently treated with the above ApN treatment [27]. By
this treatment, Ti-based alloys showed HAp formation ability
within 1 day in the conventional SBF regardless of the
metallic composition. Moreover, HAp film in the SBF
showed high adhesive strength (>10 MPa) by mechanical
interlocking effect. However, the sandblasting process
potentially has a problem that it is quite difficult to remove
contamination, that is, grinding particles remained on the
surface of the specimen, even if washing process is applied
using ultrasonic cleaner for a long time.

Based upon the above knowledge, it is required to
apply acid etching for pores formation process instead of the
sandblasting to prevent contamination on the implants during
surface modification process. Ban et al. reported that HySO4
etching was effective to form micropores on cpTi [28,29]. In
our previous study, in addition, the authors successfully
introduced HA formation ability to cpTi by the combination
of fine pores formation by the H,SO4 etching and subsequent
ApN treatment [30]. In order to expand a utility of the above
process to not only ¢pTi but also various kinds of Ti-based
alloys, in this study, the authors aimed to impart high HAp
formation ability to three kinds of Ti-based alloys, which
were Ti6Al4V as a representative biomedical alloy, TMZA
as a vanadium-free alloy, and Gummetal® as a super elastic
alloy, by applying the above surface modification process in
which combined H,SO4 etching and subsequent ApN
treatment.

2. Materials and Methods

2.1. Materials

Commercially Ti6Al4V (20 mmx10 mmx1 mm,
NISHIMURA, Fukui, Japan), TMZA (15 mmx10 mmX*3 mm,
Kobe Steel, Kobe, Japan), Gummetal® specimens (20 mmx10
mmx1 mm, NISHIMURA) and cpTi mesh (¢0.10 mmx10
mmx10 mm, Nilaco, Tokyo, Japan) were used as specimens.
The specimens except cpTi mesh was wet-polished using
#400 SiC abrasive paper. All the specimens were washed in
acetone, ethanol and pure water in an ultrasonic cleaner, and
air-dried.

2.2. H2S04 Etching

Pure water and 96% H,SO4 (Hayashi Pure Chemical,
Osaka, Japan) were mixed and the Ti-6Al-V alloy, TMZA,
Gummetal® and cpTi mesh were soaked in this H,SO..
Optimized mixing volume ratios of the H,SO4 and the pure

water, reaction temperature, and reaction time for each
specimen are shown in Table 1. After that, each specimen was
washed with pure water in an ultrasonic cleaner.

Surfaces of the specimens were analysed by field
emission scanning electron microscopy (SEM; SU6600,
Hitachi High-Technologies, Tokyo, Japan). Before the SEM
and EDX observation, gold was coated on the specimens by
sputtering. Surface roughness and three-dimensional (3D)
morphologies of the surface of the specimens were evaluated
by ultra-precision point autofocus probe 3D measuring
instrument (NH-3SP, Mitaka Kohki, Tokyo, Japan).

Table 1 Conditions of the H,SOj4 etching.

Specimen Mixing Temperature  Time
volume ratio [°C] [hours]
H,S04:H,O
Ti6Al4V 2:3 90 1
TMZA 3:1 60 24
Gummetal® 4:1 60 24
cpTi mesh 1:9 90 24

2.3. ApN Treatment

The conventional SBF (Na*; 142.0, K*; 5.0, Mg?*; 1.5,
Ca?";2.5,Cl; 147.8, HCO57; 4.2, HPO4Z; 1.0, SO4%; 0.5 mM)
was prepared by the method certified in ISO specification
23317 [21] and its pH value was adjusted at 7.40 at 36.5 °C.

The pH of thus obtained conventional SBF was
increased to 8.50 at 25.0 °C by dissolving Tris-buffer. This
solution is denoted as ‘alkalinized SBF’, hereafter. The
H>SOs-etched specimens were soaked in the alkalinized SBF
and charged pressure at 200 MPa for 1 hour using cold
isostatic pressing machine (CIP-SI, Kobe Steel, Kobe, Japan)
to penetrate the alkalinized SBF in the pores of the specimens.
Then, the alkalinized SBF was held at 70 °C for 1 day. By this
treatment, the authors aimed to precipitate ApN in the pores
of the specimens. Thus-treated specimens were washed with
pure water and air-dried.

The surfaces of the specimens were analysed by thin
film X-ray diffraction instrumentation (XRD; Rint 2500,
Rigaku, Tokyo, Japan), SEM and energy dispersive X-ray
analysis (EDX; Xflash® 5010, Bruker, Fitchburg, WI). The
XRD measurements were carried out using Cu-Ka radiation
at 50 kV, 300 mA of tube voltage and current.

2.4. SBF test

HAp formation ability of each specimen was
evaluated by the method certified in ISO specification 23317
[21]. Each specimen was soaked in the conventional SBF for
1 day and 7 days. After the soak in SBF, the specimens were
washed with pure water and air-dried. For the reference, Ti-
based alloy specimens just after the H,SO4 treatment, that is,
specimens without precipitation of ApN, were soaked in SBF
for 14 days and the same washing and drying process were
carried out.

The surfaces of the specimens were analysed by the
XRD, SEM and EDX to check HAp formation on the surface
of the specimens. In order to observe cross section of the Ti-
based alloy specimens, the Ti-based alloy specimens soaked
in SBF for 14 days were cut with a diamond wheel and
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polished the cutting edge with #400 SiC abrasive paper. EDX
mapping analyses of the cross section of the specimens were
carried out to evaluate thickness of the HAp film formed on
the specimens in SBF.

2.5. Tensile Test

Adhesion strength of the HAp film formed on the
alkalinized SBF treated Ti-based alloys by the soak in the
conventional SBF for 14 days was measured by a modified
ASTM International specification C-633 [14,31-33]. A
couple of stainless jigs (10 mmx10 mm) were fixed to the
surface of each specimen using epoxy resin (Araldite®,
NICHIBAN, Tokyo, Japan). Tensile load was applied by 1
mm-min’' of crosshead speed using universal testing machine
(AGS-H Autograph, Shimadzu, Kyoto, Japan) until fracture
occurred and maximum stress was measured. After the tensile
test, both jig-side and specimen-side fractured surfaces were
analysed by SEM and EDX. In order to evaluate Ca/P atomic
ratio of the HAp formed by the soak in SBF for 14 days, in
addition, EDX quantitative analyses of the jig-side fractured
surface were carried out using ZAF correction method.

3. Results

3.1. Materials Fabrication

Fig. 1 summarizes the 3D images of the surface of the
Ti6Al4V, TMZA and Gummetal® specimens before and after
the H,SO,4 etching. Before the H>SO4 etching, flat surfaces
were observed on all the kinds of alloys. After the H,SO4
etching, the roughened surfaces were observed on the
surfaces of all the kinds of alloys. Especially, the TMZA
obtained the most highly roughened surface among these
conditions.

(a) Before H,SO,

(b) After H,SO,
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Fig. 1. 3D images of the surface of the Ti6AI4V, TMZA and
Gummetal® specimens (a) before and (b) after the H,SO,
etching

Table 2 summarizes the surface roughness of the
Ti6Al4V, TMZA and Gummetal® specimens before and after
the H>SO4 etching. R, is an arithmetic average roughness. The
surface roughness was increased by carrying out the above
H>SO4 etching. The obtained surface roughness in this
experimental system could be listed in order of Gummetal® <
Ti6Al4V < TMZA. Especially, the TMZA obtained the
significantly largest surface roughness among these alloys.

Table 2 Surface roughness (R,) before and after the H,SO4
treatment.

Specimen Ra [um] Ra [um]
(Before) (After)
Ti6Al4V 0.30 0.70
TMZA 0.45 11.68
Gummetal® 0.55 0.57

Fig. 2 summarizes the SEM photographs of the
Ti6Al4V, TMZA and Gummetal® specimens before and after
the H,SO,4 etching. Before the H,SO4 etching, flat surfaces
were observed on all the kinds of alloys. The observed scars
were generated in the polishing process. After the H,SO4
etching, fine pores or the roughened surfaces were observed
on the entire surfaces of the Ti6Al4V and the TMZA.
However, the Gummetal® did not show such fine pores
formation but slightly roughened surface.

(a) Before H,SO, (b) After H,SO

Fig. 2. SEM photographs of the Ti6Al4V, TMZA and
Gummetal® specimens (a) before and (b) after the HSO,
etching

Fig. 3 summarizes the SEM photographs and EDX
spectra of the HySOs-etched Ti6Al4V, TMZA and
Gummetal® specimens after the soak in SBF for 14 days.
Even after the soak for 14 days, morphology of the surfaces
of the specimens were not changed and HAp formation was
not observed. In the EDX spectra, in addition, peaks of P and
Ca, constituents of HAp, were not detected. This result
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indicates that HAp formation ability was not shown only by
H,SO, treatment of the Ti-based alloys.

Fig. 4 summarizes the SEM photographs and EDX
spectra of the surfaces of the Ti6Al4V, TMZA and
Gummetal® specimens after the H,SOs etching and
subsequent ApN treatment. Peaks of P and Ca, constituents of
calcium phosphate, were observed on each sample. This
result shows that ApN were precipitated near the surface of
each specimen regardless of the kinds of the Ti-based alloy.
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Fig. 3. SEM photographs and EDX spectra of the H,SO4
etched (a) Ti6Al4V, (b) TMZA and (c) Gummetal® specimens
after the soak in SBF for 14 days
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Fig. 4. SEM photographs and EDX spectra of the surfaces of
the (a) Ti6Al4V, (b) TMZA and (¢c) Gummetal® specimens
after the H,SOy etching and subsequent ApN treatment

3.2. HAp Formation Ability

Fig. 5 summarizes the XRD profiles of the surfaces of
the untreated, H,SO4, and subsequent ApN-treated Ti6Al4V,
TMZA and Gummetal® specimens and those after the soak in
the conventional SBF for 1 day and 7 days. Just after the ApN
treatment, a broad diffraction peak of HAp was slightly
observed around 32 ° for all the kinds of alloys. After the soak
in the conventional SBF for 1 day, it can be seen that a number
and intensity of the diffraction peaks of HAp were increased
for all the types of specimens. After 7 days, they were further
increased. However, it can be seen that crystallinity of the
formed HAp was lower than that of general sintered HAp
even after the soak in SBF for 7 days. Such low crystallinity
is features of HAp formed on bioactive materials such as not
only our materials but also A-W glass ceramics and NaOH
and heat treated Ti metals [13-16, 19,20].
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Fig. 5. XRD profiles of the surfaces of the untreated, H»SO4-
treated and subsequent ApN-treated (a) Ti6AI4V, (b) TMZA
and (c) Gummetal® specimens and those after the soak in the
conventional SBF for 1 day and 7 days

Fig. 6 summarizes the SEM photographs and the EDX
spectra of the surfaces of the H,SO4 and subsequent ApN-
treated Ti6A14V, TMZA and Gummetal® specimens after the
soak in the conventional SBF for 1 day. After the soak in the
conventional SBF for 1 day, it can be seen that flake-like
crystallites, characteristic to HAp formed on the surfaces of
bioactive materials in the conventional SBF, were covered
their entire surfaces for all the kinds of alloys. This indicates
that HAp formation was induced by the ApN in the
conventional SBF and subsequently covered the entire
surfaces of alloy specimens in the conventional SBF within 1
day and high HAp formation ability was demonstrated on the
surface of each alloy.

Fig. 7 summarizes the EDX mapping images of the
cross sections of the H,SO4 and subsequent ApN-treated
Ti6Al4V, TMZA and Gummetal® specimens after the soak in
the conventional SBF for 14 days. These images show that
area where both Ca and P were detected were corresponded
to the HAp film formed in SBF and that where Ti was strongly
detected were corresponded to the alloy plate. For Ti6AI4V,
it can be seen that HAp film with approximately 10 pm of

4



thickness was observed on the specimen. For TMZA, HAp
film with approximately 20 um of thickness was observed on
the substrate. Moreover, it can be seen that the surface of the
specimen was highly roughened in comparison with Ti6Al14V
and Gummetal®. This result was corresponded to the largest
surface roughness shown in Table 2. For Gummetal®, HAp
film with 5~10 pm of thickness was observed on the
specimen.

After the soak in SBF for 1 day
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Fig. 6. SEM photographs and EDX spectra of the surfaces of
the H>SO, and subsequent ApN-treated (a) Ti6AI4V, (b)
TMZA and (¢) Gummetal® specimens after the soak in the
conventional SBF for 1 day

Fig. 7. EDX mapping images of the cross sections of the
H>S0, and subsequent ApN-treated (a) Ti6Al4V, (b) TMZA
and (¢) Gummetal® specimens after the soak in the
conventional SBF for 14 days

3.3. Adhesion Strength of the HAp Film Formed in
the SBF Test

Table 3 summarizes the average adhesion strength of
the HAp film on the surface of the Ti6Al4V, TMZA and
Gummetal® specimens formed by the soak in the
conventional SBF for 14 days. The average adhesion strength
in this experimental system could be listed in order of
Gummetal®<Ti6Al4V<TMZA. Especially, the TMZA
obtained the significantly largest adhesion strength (>20
MPa) among these alloys. Such tendency was corresponded
to that of the surface roughness. This suggests that increase
of surface roughness was the most important factor to
improve the adhesion of the HAp film formed in the
biological environment.

Table 3 Average adhesion strength of the HAp film formed
in the SBF test (14 days soaking).

Specimen Average (standard deviation)

[MPa]
Ti6Al4V 9.2 (4.0)
TMZA 22.0 (2.9)
Gummetal® 4.4(1.3)

Fig. 8 summarizes the SEM photographs and the EDX
spectra of the jig-side fractured surfaces after the tensile test.
For all the kinds of alloys, peaks of P and Ca, constituents of
HAp, were strongly observed. In contrast, peaks of titanium
were not observed. This indicates that HAp on the specimens
were peeled off and broken of the alloy plates, on the other
hand, were not occurred by the tensile test.
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Fig. 8. SEM photographs and EDX spectra of the jig-side
fractured surfaces for (a) Ti6AI4V, (b) TMZA and (c)
Gummetal® after the tensile test



Fig. 9 summarizes the SEM photographs and the EDX
spectra of the specimen-side fractured surfaces after the
tensile test. For the Ti6Al4V and the TMZA, peaks of
phosphorus and calcium, constituents of HAp, were observed.
This means that fracture of HAp was occurred in the tensile
test. Especially, the TMZA showed more intensified peaks of
phosphorus and calcium in comparison with the Ti6Al4V.
This means that a lot of fracture of the HAp was occurred on
the TMZA. For the Gummetal®, in contrast, no peaks of
phosphorus and calcium were detected. This means that the
HAp film was almost completely peeled off and the fracture
of the HAp was not occurred on the Gummetal®. Such
tendency was corresponded to the result of surface roughness
and adhesion strength of the HAp film.
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Fig. 9. SEM photographs and EDX spectra of the specimen-
side fractured surfaces for (a) Ti6Al4V, (b) TMZA and (c)
Gummetal® after the tensile test

Table 4 summarizes the average Ca/P atomic ratio of
the HAp on the jig-side fracture surface of the Ti6AI4V,
TMZA and Gummetal® specimens calculated from the results
of EDX quantitative analyses. The average values were
distributed around 1.62~1.68. From evaluation of
significance of each value with one-way analysis of variance,
significance was not found (p>0.05). It is well known that
Ca/P atomic ratio of stoichiometric HAp is 1.67. It was
reported that HAp formed in SBF contains minute additional
inorganic ions such as Mg [20]. Hence, it is considered that
the variation of the Ca/P atomic ratio in this study was derived
from incorporation of these minute inorganic ions to HAp in
SBF.

Table 4 Average Ca/P atomic ratio of the HAp on the jig side
fracture surfaces.

Specimen Average Ca/P atomic ratio
(standard deviation)
Ti6Al4V 1.62 (0.01)
TMZA 1.68 (0.09)
Gummetal® 1.66 (0.03)
Stoichiometric HAp 1.67
(Reference)

Fig. 10 (a) summarizes the SEM photographs and the
EDX spectrum of the surfaces of the H,SOs-etched cpTi mesh.
After the etching, fine pores were also observed on such fine
mesh samples similar to the case of the plate samples. Fig. 10
(b) summarizes the SEM photographs and the EDX spectrum
of the surfaces of the H,SO4 and subsequent ApN-treated cpTi
mesh. In the SEM photograph in higher magnification,
spherical particles were observed in the pores. In the EDX
spectrum, peaks of Ca were slightly detected. This result
indicates that ApN were precipitated in the pores. Fig. 10 (c)
summarizes the SEM photographs and the EDX spectrum of
the surfaces of the H,SO4 and subsequent ApN-treated cpTi
mesh after soaked in the conventional SBF for 1 day. After
the soak in SBF for 1 day, the cpTi mesh was covered the
entire surface with flake-like crystallites of HAp. This
indicate that the present method possessed shape selectivity
of the specimens because the short-time HAp formation
ability was shown on not only the plates but also on the fine
mesh structure.
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Fig. 10. SEM photographs and EDX spectra of the surfaces
of (a) H:SO4 and (b) subsequently ApN-treated cpTi mesh. (c)
Those of the H,SO4 and subsequently ApN-treated cpTi mesh
after soaked in the conventional SBF for I day

4. Discussion

This report presents about novel effective treatment to
introduce high HAp formation ability to various kinds of Ti-

6



based alloys and cpTi mesh by combination of H,SO4 etching
and ApN treatment. The purpose of the former H,SO4 etching
was enhancement of mechanical interlocking effect and that
of the latter ApN treatment was improvement of HAp
formation ability of the Ti-based alloys and cpTi mesh.

In this study, ApN precipitation condition was almost
similar to bioactive PEEK and bioactive CoCr-based alloys
[23-26]. This indicates that the presented bioactivity
treatment possesses large materials selectivity. Just after the
ApN treatment, formation of HAp film was not observed.
This phenomenon was observed also in above our previous
studies. Generally, HAp formation in an aqueous solution can
be described as shown in below.

10Ca2" + 6PO,> + 20H" > Cajo(PO4)s(OH),

When the pH value of the aqueous solution increases,
HAp formation is progressed from the viewpoint of a
chemical equilibration because of an increase of OH". In this
study, the reaction was accelerated by the high temperature
environment (70.0 °C) in comparison with the physiological
temperature (36.5 °C). In the case of SBF, the aqueous
solution contains several kinds of additional ions such as Na*,
Mg?", K*, CI' and HCOj3 beside Ca’?* and PO4** or HPO4>.
Hence, it is considered that a crystallization of the deposited
calcium phosphate was inhibited by an existence of these
additional ions and HAp film was not formed only by the
ApN treatment.

Most different point in comparison with our previous
study [27] was pores formation methodology. By H>SO4
etching, Ti6Al4V and TMZA showed a lot of fine pores on
their surfaces. Such morphological changes were observed in
the case of cpTi reported by Ban et al. [28,29] and us in our
previous report [30], too. This indicate that H,SO4 treatment
was effective to obtain fine pores not only cpTi but also
Ti6Al4V and TMZA by optimizing the etching condition.
However, morphological changes in the case of Gummetal®
was relatively smaller than the other two kinds of alloys even
if the optimization of the etching was carried out. It is
speculated that this is because that the Gummetal® includes a
large amount of stable metallic components such as tantalum
and niobium. In this experimental step, the authors are
considering that HF etching might be more effective to
improve surface roughness of the Gummetal® instead of the
H,SO; etching because HF is easier to dissolve tantalum and
niobium than H>SO4 [34].

Similar to our previous studies, this study also
clarified that the ApN treatment was effective to introduce
HAp-forming ability to the Ti-based alloys regardless of their
metallic compositions because the HAp formation was
induced within 1 day in the conventional SBF. It was reported
that the NaOH and heat-treated Ti, which is in clinical use as
hip joint, induced HAp formation within 1 day in the
conventional SBF [15]. In addition, it was reported that cpTi
treated with mixed acid including H,SO4 as main component
and subsequently heated also showed HAp formation ability
within 1 day in SBF [16]. Therefore, it is suggested that HAp
formation ability of the Ti-based alloys treated with the ApN
prepared in this study was almost comparative level. In
addition, the author also presented that sandblasted Ti-based
alloys showed similar level of HAp formation ability in the
conventional SBF by formation of ApN [27]. From these

knowledges, it is considered that HAp formation ability was
affected by the ApN treatment almost exclusively and the
effect of the H,SO4 etching was extremely small at least in
the present etching condition to the HAp formation ability.

Cross-sectional observation of the Ti-based alloy
specimens after the soak in SBF suggested that the thickness
of the HAp film showed relationship with the surface
roughness of the specimen, that is, larger surface roughness
enhanced HAp formation in SBF. It is considered that this is
because amount of precipitated and kept ApN in the pores
became larger when the surface roughness and surface area
became larger.

This study also introduces the suggestion about the
relationship between the surface roughness and the adhesion
strength of the HAp film formed in the conventional SBF test.
From the results, it was clarified that the specimen with larger
surface roughness showed larger adhesion strength of the
HAp film. This tendency can be emphasized by the
experimental results that TMZA which showed largest
surface roughness showed significantly highest adhesion
strength of the HAp film and a lot of broken HAp generated
by the tensile load were remained on its specimen-side
fractured surface. Hence, it is considered that the adhesion of
the HAp film was largely affected by mechanical interlocking
effect between the specimens and the HAp grown in the fine
pores in the case of the bioactive Ti-based alloys fabricated
by this method. Such consideration can be supported by also
highly roughened surface morphology of TMZA clarified by
cross-sectional observation. Our bioactive materials design
was supported by HAp formation ability of the attached ApN
in the pores of the Ti-based alloys almost exclusively instead
of the oxide film formed by chemical treatment such as the
NaOH-heat treatment and acid-heat treatment. Therefore, it is
considered that the formed HAp film observed in this study
adhered to the alloy mechanically, not chemically. Hence, the
above relationship between the surface roughness and the
adhesion of the HAp film is considered as one of the most
important factors together with high HAp formation ability of
the ApN in our bioactive materials design.

The authors acknowledge three limitations in the
present study. First, condition of the H>SO,4 treatment could
not be integrated among each Ti-based alloy. Hence, simple
judgement related to the kinds of the Ti-based alloys could
not be done. However, the authors previously reported that
the bioactivity treatment using ApN have presented in the
case of not only Ti-related materials but also completely
bioinert materials such as SUS [22] and CoCr-based alloy
[23]. This knowledge means that the presented methodology
possessed large materials selectivity. If the suitable control of
the surface roughness will be possible depending on the
metallic composition of the Ti-based alloys, hence, it is
considered that superiority of the bioactivity and adhesion
property will be almost similar. Second, the authors have not
operated cell activity test to evaluate bioactivity in vitro yet.
Third, the authors have not operated animal test to evaluate
bone-bonding ability yet. The authors clarified, however, the
bioactive PEEK fabricated by similar methodology [24,25]
showed good bone-bonding ability and demonstrated
effectivities of the ApN treatment to introduce bioactivity to
bioinert implant materials by animal test [26]. It is well
known that Ti showed osseointegration in living body, hence,
the above bioactive Ti-based alloys is expected to show high
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bioactivity also in living body. These points will be studied
in our next opportunity.

5. Conclusion

The surfaces of Ti6Al4V, TMZA, Gummetal®, and
cpTi mesh were etched by H>SOs. The specimens were
soaked in the alkalinized SBF and raised its temperature. By
this treatment, ApN were precipitated in the pores of the
specimen. Thus-treated specimens showed HAp formation
ability in a short period. Adhesion strength of the HAp film
formed in the conventional SBF became larger as increasing
the surface roughness of the specimen by optimizing the
above H>SOy etching condition. This is because the adhesion
of the hydroxyapatite film was improved by enhancement of
mechanical interlocking effect in this materials design.
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