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Abstract In this study, we characterized the surface of ox-
ide film formed on titanium metal through the use of thermal
treatment and investigated the effect of surface characteris-
tics on the bioactivity of titanium. The as-received sample
group was prepared by polishing and cleaning CP-Ti as a
control group, and thermally oxidized sample groups were
prepared by heat treating at 530, 600, 700, 800, 900, and
1000°C respectively. Micro-morphology, crystalline struc-
ture, chemical composition, and binding state were evaluated
using FE-SEM, XRD, and XPS. The bioactivity of sample
groups was investigated by observing the degree of calcium
phosphate formation from immersion testing in MEM. The
surface characterization tests showed that hydroxyl group
content in titanium oxide film was increased, as the density
of titanium atoms was high and the surface area was large. In
MEM immersion test, initial calcium phosphate formation
was dependent upon the thickness of titanium oxide, and re-
sultant calcium phosphate formation depended on the content
of the hydroxyl group of the titanium oxide film surface.

1 Introduction
Titanium implants are increasingly used in dentistry and or-

thopedics due to their excellent biocompatibility and me-
chanical properties, as well as their potential for osseointe-
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gration with bone tissue [1-4]. Titanium metal reacts with
oxygen in the air and forms a dense and stable oxide film
with a thickness of a few nanometers. The biocompatibility
of titanium and its high corrosion resistance are attributed to
its surface oxide film [5, 6].

However, titanium, a bioinert material, is not chemically
connected to bone and the bone growth rate on the surface
of titanium implants is low compared to that of implant ma-
terials coated with calcium phosphate [7-9]. Thus, a con-
siderable number of studies have been made to improve the
bioactivity of titanium using surface modification methods
such as endowing roughness with TPS, SLA, laser ablation
etc. [10-12], coating the titanium surface with Ca-P or BMP
which have bioactivity superior to that of natural oxidation
film [10-12], or changing the crystalline structure and mor-
phology of the surface oxide film on the titanium surface by
various preparation and oxidation techniques [5, 13-15].

Titanium metals could come in contact with the vari-
ous thermal environments during various fabrication proce-
dures, such as mechanical blasting with alumina (Al,O3) or
RBM (resorbable blasting media), sintering for the coating of
bioactive materials, or hydrothermal treatment of machined
implants [16]. Titanium oxide films formed at various ther-
mal environments have different surface characteristics, such
as surface morphology, crystalline structure, crystallite size,
and roughness. These different surface characteristics are im-
portant factors of bioactivity when titanium implants are used
in clinical application.

While consulting the reports regarding the crystalline
structure of titanium oxide, we found that anatase structure
was observed in titanium oxide prepared by sol-gel or an-
odization method at low temperatures [17-20], while tita-
nium oxide of rutile structure was usually formed by thermal
treatment [14, 21, 22]. It has been reported that the crystalline
structure of titanium oxide film is dependent on the oxide-
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forming method, substrate type, and surface conditions [4].
Also, it has been reported that the contents of a hydroxyl
group which existed on titanium surface oxide film played
an important role in the improvement of bone growth because
it acted as a nucleus for creating apatite [6].

However, although a large number of studies have re-
ported the changes of crystalline structure and the contents
of hydroxyl groups with surface treatments of titanium metal,
more systematic studies are required to verify the effects of
the changes of morphology, crystalline structure, chemical
composition, and binding state induced by thermal treatments
on bioactivity.

When titanium metal was treated at high temperatures over
700°C in air, it was difficult to be used as an implant because
adhesion between oxide film and substrate metal abruptly
decreased [23]. However, discussion regarding the effect of
the surface characteristics of titanium oxide formed by ther-
mal treatment at high temperature on bioactivity may furnish
information regarding the satisfactory surface condition for
titanium implant.

In this study, we have evaluated the morphology, crys-
talline structure, chemical composition, and binding state of
titanium oxide film formed by thermal treatment at 530, 600,
700, 800, 900, and 1000°C in air, and investigated the corre-
lation between its characteristics and the content of hydroxyl
groups. We have also studied how changes to the surface
characteristics of oxide film with various thermal treatments
affect calcium phosphate formation upon immersing test in
MEM solution.

2 Materials and methods
2.1 Materials

Commercially pure titanium (CP-Ti, ASTM Grade II) cut to
a diameter of 10 mm, thickness of 1 mm, and degreased with
acetone was used in the present study. The specimen surface
was polished with #240 to #2000 SiC papers and cleaned
by an ultrasonic cleaner in distilled water and ethanol. The
as-received sample group (AS-R) was prepared by cleansing
with distilled water and drying.

In order to investigate the characteristics of oxide film on
titanium metal fabricated by thermal treatment, specimens
were fabricated in following thermal treatment conditions.
The Ti-530 group was fabricated by thermally treating AS-R
specimens at 530 °C in air for 40 min and then slowly cooling
to room temperature to relieve internal stress [24, 25]. The
Ti-600 group was fabricated by thermally treating Ti-530
specimens at 600 °C in air for 40 min. The Ti-700 group was
fabricated by fully annealing Ti-530 specimens for 90 min
at 700 °C [24, 25]. The Ti-800, Ti-900, Ti-1000 groups were
fabricated by thermally treating Ti-700 specimens at 800,
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900, and 1000 °C, respectively, in air for 2 hours. Heating
and cooling rates were 15 °C /min.

2.2 Surface characterization of titanium oxide film

The surface micro-morphologies of sample groups were ob-
served using field emission scanning electron microscopy
(FE-SEM,; Hitachi S-4700, Japan)

Crystalline structure was identified using an X-ray diffrac-
tometer (XRD; Phillips, X‘Pert, Netherlands). Because the
titanium oxide layer which formed on the titanium surface
was so thin that X-rays could penetrate into the titanium sub-
strate, the sample tilting X-ray diffraction method (ST-XRD)
was carried out in order to decrease the diffraction intensity
of the titanium substrate and increase the diffraction area of
the oxide film layer.

The chemical composition and binding state of titanium
oxide film were analyzed using X-ray photoelectron spec-
troscopy (XPS; VG Scientific LTD, ESCALAB 200R, UK).
XPS spectra were recorded using monochromatic Al Ko ra-
diation and the take-off angle was 90°. Wide energy survey
scan was carried out for quantitative and qualitative elemental
analysis and high-resolution narrow scanning was performed
to analyze the chemical binding state of each of the elements
for Ti 2p, O 1s, and C 1s peaks which were dominant in
survey spectra.

2.3 Immersion test in MEM solution

We examined the effect of thermal treatment of titanium spec-
imens on calcium phosphate formation which is related to
bioactivity using the immersing test in Eagle’s Minimum
Essential Medium (MEM) [26]. MEM was refreshed every
two days. The samples were taken out in 3 days or 7 days,
respectively, and were then washed with distilled water and
dried in a desiccator for 5 hours. The micro-morphology of
calcium phosphate formed on the titanium oxide surface was
observed using FE-SEM. Quantitative and qualitative analy-
sis of elements was carried out using EDS (energy dispersive
spectrometer, Kevex, Sigma, USA).

3 Results
3.1 Micro-morphology of titanium oxide films

Figure 1 shows photographs of sample groups observed using
FE-SEM. Only scratched lines created by polishing were
observed on the AS-R specimen. From high resolution SEM
images, 10-20 nm sized crystallites were observed on the
surface of Ti-530 and Ti-600 samples, and those of the Ti-
600 group were distributed more densely than those of the Ti-
500 group. The size of crystallites in the Ti-700 samples was
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Fig.1 SEM photographs of
sample groups

50-70 nm and the crystals were needle-like in appearance.
Crystallite size was increased dramatically as the thermal
treatment temperature increased, to 0.1-0.3um for Ti-800,
0.3-0.5um for Ti-900, and 0.7-0.9um for Ti-1000.

3.2 Crystalline structure of titanium oxide film

Figure 2 shows the X-ray diffraction patterns of sample
groups. XRD peaks assigned to titanium metal only were ob-
served in the AS-R group. It is difficult to analyze the crystal
structure of naturally oxidized films on titanium metal us-
ing ordinary XRD because the film thickness is very thin,

about a few nanometers, and has an amorphous structure
[27].

XRD peaks corresponding to titanium metal (002) had
shoulders in the Ti-530, Ti-600, and Ti-700 groups. These
peaks were resolved to Gaussian peaks, as shown in Fig. 3,
and the (004) plane of anatase structure in TiO,could be
clearly distinguished from the (200) peak of titanium metal.
Full-width, half-maximum height (FWMH) of these peaks
was wider than that of other peaks. It was known that the
FWMH of the XRD peak was related to the size of crystalline
particles [18]. The size of crystalline particles is small when
FWMH is wide. The large FWMH values of anatase (004)
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Fig. 2 X-ray diffraction patterns of sample groups

peaks observed in the Ti-530 and Ti-600 groups resulted from
nano-sized titanium oxide crystallites as shown in FE-SEM
photographs of Fig. 1.

The rutile structure of titanium oxide, which is more stable
than anatase structure in thermal atmosphere, was observed
in the Ti-700 sample group as the temperature of thermal
treatment increased. Complete rutile structure was observed
in the Ti-800, Ti-900, and Ti-1000 groups, and the main XRD
peak of that was (110) plane peak.

The XRD peak analysis showed that nano-sized TiO,
crystallites that have anatase structures were observed in
the Ti-530 and Ti-600 groups, anatase and rutile struc-
tures co-existed in the Ti-700 group, and rutile struc-
tures were observed in the Ti-800, Ti-900, and Ti-1000
groups.

3.3 Chemical composition and binding state of titanium
oxide

Table 1 shows the quantitative analysis of elements calcu-
lated from XPS survey spectra for all sample groups. Ti and
O which originated from TiO,, C and N which originated
from organic contamination, and Si that had been doped dur-
ing thermal treatment were detected. The ratios of oxygen
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Fig. 3 XRD peak resolved to anatase (004) and titanium (002), using
Gaussian peaks

to titanium of thermally-treated sample groups were high
compared to that of AS-R samples. This result indicated that
thermal treatment of titanium induced an increase in the oxy-
gen concentration of titanium oxide surfaces [13].

Figure 4 shows the high resolution XPS spectra of Ti
2p. Titanium has four oxide states, Ti’(Ti metal), Ti>* (TiO),
Ti**(Ti,03), and Ti**(TiO,). As can be seen in Fig. 4, the
Ti** peak was dominant in Ti 2p high-resolution spectra for
all sample groups. The titanium metal peak with a very low
intensity was observed in the AS-R group which has a thin
oxide film.

Figure 5(a) shows the high-resolution XPS spectra of O
1s for sample groups. O 1s spectra could be divided into
0% (oxide of TiO,) and hydroxyl (OH™) groups. Also, the
oxide layer of TiO; is known to have two types of hydroxyl
groups, basic and acidic OH, according to the methods of
attachment to metal by chemisorptions. Fig. 5(b) shows the
O 1s high-resolution XPS spectrum of the AS-R group re-
solved to three deconvolution peaks, such as O>~ due to
TiO,, OH, (acidic hydroxyl group), and OH,(basic hydroxyl
group) [6, 28]. Using the above method to calculate the area
of each resolved peak for all of the sampling groups, the
contents of oxygen species depending on chemical binding
states are shown in Fig. 6.
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Table 1 Chemical composi- ) - - i ) -
tions of sample groups calcu- AS-R  Ti-530 Ti-600 Ti-700 Ti-800 Ti-900  Ti-1000
lated from XPS survey spectra O 522 597 516 515 507 59.1 627

Ti 19.4 19.3 17.9 18.2 14.8 16.8 21.3

N 1.8 1.0 1.3 1.1 1.3 1.5 0.6

C 26.6 16.4 18.8 20.4 29.1 19.4 11.0

Si - 3.6 4.4 2.8 4.1 32 44

O/Ti 2.69 3.09 321 3.16 343 3.52 2.94
Fig. 4 XPS high-resolution ] -
spectra of Ti 2p of Ti2p Ti 2p3/2
sample groups Ti* (Tio,)

Ti 2p1/2 i

Intensity (Arb. Units)

(Ti metal)

|

468

However, the contents of the hydroxyl groups shown
in Fig. 6 should be corrected because the binding energy of
organic carbon contamination includes oxygen-containing
functional groups, e.g., C-O and O-C=0 species, and would
affect that of the OH group in O 1s high-resolution XPS
spectra. Fig. 7(a) shows the high-resolution spectra of C
1s for each sample group. The C s peak can be resolved
to hydrocarbon(C-C, C-H), alcohol, alkoxide, ether (C-OH,
C-O-Ti, C-O-C), and carboxylate or ester(COOH, COO-R,
COO-Ti) species. Fig. 7(b) shows the deconvolution peaks
of C 1s for the AS-R group. Then, the contents of the hy-
droxyl group were corrected using the correction method
presented by McCafferty et al. [29] on the basis of the area
of deconvoluted peaks of O 1s and C 1s high-resolution
spectra shown in Fig. 5 and Fig. 7, respectively. In order
to eliminate the errors dependent on the experimental en-
vironment of each sample group, the relative contents of
hydroxyl group to oxide (O>7) group (I(OH)/I(0*7)) are
shown in Fig. 8. The results indicated that the contents of
hydroxyl groups for the Ti-530, Ti-600, Ti-800, and Ti-900
groups were high compared to those of the other sample
groups.

464 460 456 452

Binding energy (eV)

3.4 Immersion test in MEM solution

Figure 9 shows FE-SEM photographs of the titanium surface
after immersion in MEM solution for 3 days. The initial de-
gree of calcium phosphate formation was different by sample
groups. There were no distinguishable deposit materials on
the surfaces of AS-R, Ti-530, and Ti-600. Calcium phosphate
has started to form in the Ti-700 group, and it covered the
entire surfaces in the Ti-800 and Ti-900 groups. However,
calcium phosphate was not observed in the Ti-1000 group.

Figure 10 shows FE-SEM images of titanium surface after
immersion in MEM solution for 7 days. Calcium phosphate
did not form on the AS-R sample group, but formed well
on thermally-treated sample groups. The micro-morphology
of calcium phosphate was different depending on sample
groups.

4 Discussion
The above results showed that the surface morphology, crys-

talline structure, chemical composition, and binding state
of oxide film were different as thermal treatment temper-
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Fig. 5 (a) XPS high-resolution
spectra of O 1s of sample
groups;(b) Deconvolution

of O 1s high-resolution XPS
spectrum of AS-R group
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ature changed. The content of the hydroxyl groups, which
have negative charge, was an important factor for surface
modification of implants because it positively affected bone
growth when titanium was used for dental implants. The
various parameters were related to the content of the hy-
droxyl groups. In this study, the effects of the hydroxyl group
on the bioactivity of titanium implants were systematically
discussed.

There are two types of hydroxyl groups, the acidic hy-
droxyl group (OH,) and the basic hydroxyl group (OHy), as
OH is connected with one or two titanium atoms. The acidic
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Biding energy (eV)
(b)

hydroxyl groups tend to act as cation exchange sites, while
the basic hydroxyl groups may act as anion exchange sites.
It has been suggested that the hydroxyl groups contribute to
bone growth as calcium ions bind with the acidic groups and
phosphate molecules bind with the basic groups [6, 13, 28].

It could be assumed that the content of the hydroxyl group
was related to the number of titanium atoms exposed on the
titanium oxide surface because the hydroxyl group binds with
titanium atoms. Total number of titanium atoms exposed on
the titanium oxide surface depends on the density of titanium
atoms determined by the preferred orientation of TiO; crys-
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Fig. 6 Content of three oxygen 12000
species calculated by the area of
deconvolution peaks
“» 10000 |-
=
o=
-
Qo 8000
[
<
m -1
o 4000
|
©
'
o
()
a 2000
0
ASR C1s

Ti-530 x Ti-800
Ti-600 © Ti-900
Ti-700 x Ti-1000

W%MWW%WMW

>0 e +

)
=
C O &( k:
> S S 5%%;%%®0 o
P sl T YN
% W “AQ@@% -
S et MA & G W S
SO N A Mttt
> sarnd AN
2 s %MM‘@@W@W“,‘.? PN on
5 - A
8 Masanrioliaata™> SmRRRAST o O seimeracr o)
E . + *ﬁ:’}* *‘Z
-_ AT b o ",
s, At e ot W%, i 1P
et T 1 R ! . ! R Bl ™|
292 290 288 286 284 282 280
Biding energy (eV)
(a)
500
AS-R
400
)
c
5 300
£
<
> 200
‘®
c
i)
€ 100

292 290 288 286 284 282 280
Binding energy (eV)
(b)

Fig. 7 (a) XPS high-resolution spectra of C 1s of sample groups; (b)
Deconvolution of C1s high-resolution XPS spectrum for AS-R

777 O
(7] OH,
XY OH,

Ti-530 Ti-600 Ti-700
Groups

I(OH") 1 1(0?)

0.4 —7

02

AS-R Ti-530 Ti-600 Ti-700 Ti-800 Ti-900 Ti-1000
Groups

Fig. 8 Relative contents of hydroxyl group to oxide group
(I(OH)/I(0*"))

talline plane and surface area. The content of the hydroxyl
group in the AS-R group was low compared to those of the
other sample groups, because titanium oxide film on the AS-
R group was very thin and has amorphous structure.

Examining the number of titanium atoms per unit area in
TiO; crystalline structure, the (110) plane of rutile structure
has the most densely-packed titanium atoms, which shows
higher density than in the case of (004) plane of anatase
structure. The possibility that hydroxyl groups were able
to attach to the titanium oxide surface was highest at the
(110) plane of rutile structure. It could be inferred that the
contents of the hydroxyl group were high on the Ti-800, Ti-
900, and Ti-100 sample groups, which have completely rutile
structure.

Although Ti-530 and Ti-600 groups have anatase crys-
talline structures whose titanium atom density was lower
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< el D'

n MEM solution for three days

Fig. 9 Fig. 9. FE-SEM photographs of sample groups after immersion test i

than that of the rutile (110) plane, the content of the hydroxyl =~ as shown in the SEM-images in Fig. 1. Surface area per unit
group was comparatively high. This result could be analyzed ~ volume increases as the shape of the grains becomes rounder
through careful consideration of the surface area. Twosample  and their sizes decrease. Therefore, because the surface area
groups have nanometer-sized granular crystalline particles,  of Ti-530 and Ti-600 was higher than that of other sample
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o

Fig. 10 Fig. 10. FE-SEM photographs of sample groups after immersion test in MEM solution for seven days

groups, the Ti-530 and Ti-600 groups both have compar- The hydroxyl group content decreased as the tempera-
atively high hydroxyl group contents. The hydroxyl group  ture of thermal treatment increased to over 800°C. This re-
content of Ti-600 was higher than that of Ti-530 due to its  sult could be attributed to the decreasing of total surface
denser surface. area as grain size rapidly increased. More specifically as
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shown in Fig. 8, the hydroxyl group content was low in the Ti-
1000 group, whose titanium oxide crystallite size was large
and large-sized pores existed on the less dense surface, as
shown in the SEM image in Fig. 1. However, the reason
for the decreasing amount of hydroxyl group content in Ti-
700 remained unclear. We inferred it to be due to changes
of the morphology and crystalline structure from anatase to
rutile.

It was concluded that the amount of hydroxyl group of
the titanium oxide film depended on the density of titanium
atoms exposed on the surface, which is determined by the
crystalline structure and surface area of the titanium ox-
ide film. These results are in agreement with the findings
of FENG et al. [13].

By inspecting the specimens immersed in MEM solu-
tion for 3 days, calcium phosphate formation was observ-
able from the thermal treatment temperature above 700°C,
while Ti-1000 group did not show appreciable calcium phos-
phate formation. Even though the hydroxyl group amounts
in the Ti-530 and Ti-600 groups, as calculated by XPS spec-
tra, was comparatively high, the calcium phosphate forma-
tion was not observable. Therefore, it is believed that the
initial formation of calcium phosphate in MEM was not de-
termined by the hydroxyl group content on titanium oxide
film.

Bangcheng et al. [31] reported that a limited content of
titanium oxide was needed for bioactivity of titanium metal
from the immersion test of the anodic oxidized titanium metal
in SBF solution. The result of this study also showed that cal-
cium phosphate formation did not occur in short immersion
period until the thickness of titanium oxide formed by ther-
mal oxidation treatment was over the limit value. Although
thick oxide film was formed on Ti-1000, the degree of early
calcium phosphate formation was low. This result could be
due to the facts that large-sized and weakly attached crys-
tallites were easily separated from the surface and the film
surface was not dense.

After an immersion test in MEM for 7 days, calcium phos-
phate formed well on the surface of all sample groups, with
the exception of the AS-R group. However, the Ti-700 and Ti-
1000 sample groups, which have low hydroxyl group content
compared to that of other thermally-treated sample groups,
showed different micro-morphologies. In the Ti-700 sam-
ple group, calcium phosphate layer which has a homoge-
neous micro-morphology cracked easily and detached from
the surface very easily. This could be attributed to the spe-
cific characteristics of the Ti-700 group, in which rutile and
anatase structures co-existed. The shape of calcium phos-
phate formed on the Ti-1000 sample group was spherical
and the thickness of the calcium phosphate layer was low.
This indicated that calcium phosphate formation was in its
initial stage when the Ti-1000 group was immersed in MEM
for 7 days.
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These results lead to the conclusion that the thickness
of titanium oxide film affected the initial formation stage
of calcium phosphate in MEM solution, and the resultant
calcium phosphate formation was affected by the hydroxyl
group content.

5 Conclusions

In conclusion, micro-morphology, crystalline structure, con-
tent of hydroxyl group, and bioactivity of titanium oxide film
were affected by the difference of thermal treatment. Nano-
sized granular oxide was observed in the Ti-530 and Ti-600
sample groups and its crystalline structure was anatase. In
the Ti-700 group, needle-like crystals became noticeable,
and rutile structure co-existed with anatase structure. Larger-
sized crystallites, which have complete rutile structure, were
observed in the Ti-800, Ti-900, and Ti-1000 groups. The
crystallite sizes of those groups were increased as treatment
temperature increased. The results of XPS analysis showed
that the hydroxyl group content in titanium oxide film was
increased as the density of titanium atoms was high and the
surface area was large. The result of immersion test in MEM
showed that initial calcium phosphate formation is dependent
upon the thickness of titanium oxide and resultant calcium
phosphate formation depends on the content of the hydroxyl
group of the titanium oxide surface.
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