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High-resolution electron microscopy was used to investigate two types of titanium-oxide
interface structures. The first type was generated by thermal oxidation during the
degassing process, which is one step in the process of porcelain-fused-to-metal systems.
The thermal oxidation was performed for 1 min at a temperature of 1073 K in a porcelain
furnace under a reduced pressure at 27 hPa. Columnar and granular rutile oxide formed on
the titanium, and the surface oxide layer was almost 1 um thick. On an atomic scale, the
crystal size of the rutile adjacent to the interface decreased about 10 nm. In addition, a very
thin transitional layer 2-3 nm thick formed at the titanium-oxide interface. The crystal
structure of the thin layer seemed to be the TiO phase with a NaCl-type structure. The
interface between the hcp titanium and TiO phases was coherent through the close-packed
planes ((0 0 0 2)ne, and (1 1 1)vi0). Partial coherency was observed at the interface between
the TiO and TiO, phases. The second type of titanium-oxide interface was generated by
anodization on a screw-type titanium implant. The morphology of the surface suggested
that the titanium implant had been treated by spark anodization. The surface oxide, which
was estimated to be about 10 um thick, was a mixture of the anatase-type TiO, phase and
the amorphous phase. The crystal size of the anatase varied from less than 10 nm to more
than 100 nm. A phosphate anion was concentrated in the amorphous phase. Between the
surface oxide and the titanium base, macroscopic defects like cracks and voids were
observed. Microscopic observation could not confirm the formation of a clear interface and

lattice coherency between the titanium and oxide as a result of the degassing process.
© 2005 Springer Science + Business Media, Inc.

1. Introduction

Titanium is one of the most promising dental materials
for the future. Indeed, the number of applications of
titanium is steadily growing, for example, in prostheses
made by dental precise casting systems [1], in implants
due to its excellent biocompatibility [2], and in super-
elastic Ni-Ti orthodontic wires [3].

One problem of titanium crowns or bridges is the
lack of aesthetics because of the metallic color of ti-
tanium. To imitate tooth color, a porcelain-fused-to-
metal (PFM) technique was developed for dental metal
restorations [4, 5]. The PFM technique has been evolv-
ing since the 1960’s for dental gold alloys, including
establishing a lower fusing temperature for porcelain
than the melting temperature of the gold alloy, making
fine adjustments of the thermal expansion coefficients
between the metal and the porcelain, adding base metal
elements to the gold alloy to enhance the bond strength
between the porcelain and metal, and roughening the
metal surface by sandblasting to obtain improved bond-
ing strength by the anchor effect.

Likewise, veneering tooth-colored porcelain on tita-
nium achieves favorable aesthetics. The first attempt to
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apply the PFM technique to titanium was performed in
the 1980’s [6]. In the next decade, a commercial PFM
system was created for titanium, although the bond
strength between titanium and porcelain was lower than
between gold alloy and porcelain [7-9]. Several prob-
lems remain to be solved regarding the bonding of
porcelain to titanium.

Degassing is one step in the PFM process. If gas re-
mains on the metal surface, a void that could initiate a
crack will form at the metal-porcelain interface when
the porcelain is fused. During the degassing process, the
metal is subjected to high temperatures near the fusing
temperature. A clean surface is created by burning off
any organic matter, and the metal surface is oxidized.
Nowadays, the main purpose of degassing is oxidation,
since the oxide is considered to behave like an interme-
diary between the metal and porcelain [4, 10].

Most structural investigations of PFM interfaces have
been performed using a scanning electron microscope
(SEM) [11-16] and an electron spectroscopy for chem-
ical analysis (ESCA) system [17-19]. In order to ap-
praise the contribution of the chemical bond in the in-
terface, however, it is necessary to observe the interface
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on an atomic scale because the spatial range of the
chemical interaction is at an atomic level. Therefore,
we studied the nanostructure of the PFM interface us-
ing transmission electron microscopy (TEM). Because
we found an interesting structure on the titanium-oxide
interface after the degassing process, the first subject
addressed in this paper will be the titanium-oxide in-
terface formed during degassing.

Oxidation due to degassing takes place in a dry en-
vironment, while oxidation created by anodization oc-
curs in a wet environment. In some titanium implants,
the surfaces are modified to improve the biocompati-
bility; anodization is one of these techniques [20]. To
enhance osseointegration, anodized titanium implants
are now commercially available. The functional per-
formance derived from surface modification should be
closely related to the surface microstructure and chem-
ical state. In particular, if an anatase-type oxide is
formed, many functions like photocatalysis, disinfec-
tion and hydrophilication are expected [21, 22]. There-
fore, we also used TEM to investigate the nanostructure
of anodized titanium and found that the structure of the
anodized titanium was different from that of the de-
gassed titanium. In the second part of this paper, the
cross-sectional structure of anodized titanium implants
will be discussed.

2. Materials and methods

2.1. Degassed titanium (thermal oxidation)
Grade II commercially pure titanium (CP Ti) (JIS H
4650type 2,99.5% purity) was used in this study. Cylin-
drical specimens (¢2.5 mm x 7 mm) were cast into a
mold with MgO-based investment (Selevest CB, Selec,
Japan) using an argon arc-melting, centrifugal dental
titanium casting machine (Ticast Super R, Selec). Each
specimen was cut into semicylinders with a low speed
saw (Isomet, Buehler). The cut surface was polished
with #1500 abrasive paper and a polishing cloth to ob-
tain a flat surface.

The degassing process followed the manufacturer’s
instructions. The titanium specimens were heat-treated
in a commercial porcelain furnace (Commodore
75/VPF, Jelenko) from 823 to 1073 K at a heating rate
of 50 K/min and held 60 s in a vacuum of 27 hPa. After
treatment, the specimens were air-cooled.

The specimens were prepared for TEM observation
as follows. Two pieces of degassed specimens were
glued into a Cu pipe with an epoxy adhesive (G-1 epoxy,
Gatan). The disk specimens were cut using the low
speed saw and mechanically ground down to a thick-
ness of 50 um. The center of the disk specimen was
then dimpled to 20 pm thickness with a dimple grinder
(Model 656, Gatan). Finally, the cross-sectional TEM
specimens were thinned using precise ion polishing
equipment (PIPS-691, Gatan). The specimens were ir-
radiated using an argon ion beam with an accelerating
voltage of 4 kV from a low incident angle of 4°.

2.2. Anodized titanium implant
A commercial screw-type implant made of commer-
cially pure (CP) titanium (TiUnite™ , Nobel Biocare)
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was examined. To ensure biocompatibility, the surface
of the screw section, which is implanted in the jaw, was
modified by anodization. As a result, the surface mor-
phology was rough, making it impossible to prepare
cross-sectional TEM specimens without a focused ion
beam apparatus (FIB).

The thinning process for preparing the TEM spec-
imens was as follows. The threaded screw portion of
the implant was cut in round slices, and each sliced
specimen was mechanically ground down to 50 um
thickness using abrasive papers. Then the specimen was
divided into sector pieces. Finally, the cross-sectional
TEM specimen was thinned using an FIB (Hitachi FB-
2000 K)) and irradiated with a Ga ion beam at an accel-
erating voltage of 30 kV.

2.3. TEM observations

TEM observation was performed using a 200 kV TEM
(JEOL JEM-2010 HT). Selected area diffraction (SAD)
patterns were produced from an area of about 100 nm in
diameter. Chemical analysis was carried out using en-
ergy dispersive X-ray (EDX) spectroscopy witha 15 nm
electron beam probe.

3. Results and discussion

3.1. Thermal oxidation

Fig. 1a shows a low-magnification TEM image of a
specimen cross section after the degassing process. The
TEM specimens were fabricated by gluing two pieces
of titanium half-cylinders, so that surface oxide lay-
ers face each other. A thickness of the surface oxide
layer is quite uniform and several hundred nm. Some-
what larger number of dislocations can be seen in the
titanium. An enlarged micrograph of the surface oxide
(Fig. 1b) shows that large columnar oxide crystals have
grown toward the surface. Small, round crystal grains
of about 100 nm are located beneath the columnar crys-
tals. Between the small crystals and titanium, a very fine
contrast of about 10 to 20 nm is visible.

We examined the structure of each type of oxide
crystal. TEM micrographs and corresponding diffrac-
tion patterns of the columnar crystals [labelled “A” in
Fig. 1a] and the small crystals (“B” in Fig. 1a) are shown

Figure 1 Cross-sectional TEM micrographs of the titanium-oxide inter-
face after the degassing process. (a) A low-magnification image, (b) An
enlarged image of the surface oxide layer.
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Figure 2 TEM micrographs and diffraction patterns (inset) of (a) columnar and (b) granular oxide crystals taken from points “A” and “B” in Fig. 1a,
respectively. (¢) HRTEM micrograph and diffraction pattern (inset) of the titanium-oxide interface taken from point “C” in Fig. la.

in Fig. 2a and b, respectively. The SAD patterns re-
vealed that both the oxides consist of TiO, phase with
arutile structure. In Fig. 2b, fine, mottled-looking crys-
tallites (less than 10 nm) are found adjacent to the tita-
nium. A high-resolution TEM (HRTEM) image of the
interface between the titanium and the oxide (“C” in
Fig. 1a) is shown in Fig. 2c, with the corresponding
SAD pattern in the inset of Fig. 2c. The upper half of
the micrograph shows that the crystallites (about 10 nm
in size) are the rutile phase since the plane spacing cor-
responds to the value for the rutile-type TiO, phase.
The lower half of Fig. 2c consists of hexagonal tita-
nium, and the incident electron beam direction is [2 1
1 0]. The c-axial direction of the hexagonal structure
is longitudinal, and a stack of (0 0 0 1) planes spaced
0.48 nm apart is seen. The flat interface between the
titanium and the rutile appears parallel to the (0 00 1)
plane. At the interface, the lattice fringe of the (0 0 0
1) plane vanishes in the thickness of 3 nm. In this part,
the fcc lattice formed and has a (1 1 1)//(0 0 0 2)pep
relationship with the hexagonal titanium.

Some additional spots appeared in the SAD pattern
[inset of Fig. 2¢], which can be identified (Fig. 3) as the
[2 11 0] incident pattern of the hcp phase (white lines)
and the [1 1 0] incident pattern of the fcc phase (gray

lines). It is clear that the position of the 0 0 0 2 reflection
spot coincides with the 1 1 1 reflection spot. The lattice
parameter of the fcc phase was evaluated from the SAD
pattern as a = 0.42 nm, and is in good agreement with
dcale = 0.416 nm, which was calculated on the assump-
tion that the atomic radius of the fcc titanium is the
same as that of the hcp titanium. The existence of the
fcc titanium has been reported in the layers composed of
Ti and Al [23, 24]. On the other hand, Andersson et al.
have reported that the lattice parameter of the TiO phase
with a NaCl-type structure is a = 0.418 nm [25]. How-
ever, it is impossible to distinguish between the fcc and
NaCl structures from the conventional SAD pattern. To
distinguish between fcc and NaCl structures, a dynam-
ical method like a convergent beam electron diffraction
(CBED) method must be required. However, the mod-
ified nano-layer is too thin to perform such a delicate
observation for us. We considered that the modified
nano-layer seems to be the NaCl structure of the TiO
phase and not the fcc structure of titanium, inasmuch
as the structural change took place within the narrow
area adjacent to the oxide. But we could not obtain clear
evidence, so we need to determine the definitive struc-
ture of the nano-layer for further investigation using,
for example, a CBED method.
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Figure 3 The same diffraction pattern in inset of Fig. 2¢c. The white and
gray meshes indicate a diffraction pattern formed by the hcp and fcc
(NaCl) structures, respectively.

The lattice parameters of the hcp phase evaluated
from the SAD pattern in Fig. 3 are a = 0.297 nm, ¢ =
0.482 nm and c/a = 1.63. For pure titanium, it is known
that the axial ratio, c/a, equals 1.587 [26] and increases
as the interstitial oxygen content increases. In addition,
it is anticipated that a Ti,; O phase with oxygen-ordering
structure will be present [25]. With respect to this Ti,O
phase, oxygen occupied the octahedral interstitial site
in every (0 0 0 1) plane of the hexagonal titanium, that
is, the Tip O phase had an anti-Cdl,-type structure. The
axial ratio of the Ti,O phase is reported to be c/a =
1.637. Judging from the estimated axial ratio of the
SAD patternin Fig. 3, itis possible that the Ti, O ordered
phase formed on the titanium side, since the axial ratio
is close to the value of the Ti;O phase, and the 0 0
0 1 forbidden reflection for the hcp phase appeared.
However, the 0 0 0 1 forbidden reflection of the hcp
phase can be made due to a double reflection under
the condition of the [2 1 1 0] incident electron beam
direction.

In the [1 1 0 0] incident electron beam direction,
the generation of the 0 0 0 1 double diffraction is sup-
pressed. Figs 4a and b show the SAD patterns of the
[2110]and[110 0] incident electron beam direc-
tions taken from a depth of 200 nm from the interface
and 5 um from the surface, respectively. In the diffrac-
tion pattern taken near the interface (Fig. 4a), the 0 O
0 1 forbidden reflection disappeared although the axial
ratio was determined to be c¢/a = 1.620. The disappear-
ance in the [2 1 1 0] incident electron beam direction
depended on slight changes in the direction the go-
niometer was tilted. In contrast, the O 0 O 1 forbidden
reflection emerged in the [2 1 1 0] diffraction pattern
(Fig. 4b) although the axial ratio measured inside the ti-
tanium was c/a = 1.598, which was closer to the value
of pure titanium. In either case, the 0 0 O 1 forbid-
den reflection disappeared under the [1 1 0 0] incident
electron beam condition. Consequently, the 0 0 0 1 for-
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(a) 200 nm depth from Ti/oxide interface
cfa=1.620

(b) 5 pm depth from Ti surface
cla=1.598

Figure 4 (a), (b) Diffraction patterns taken from a depth of 200 nm (a)
from the titanium-oxide interface and a depth of 5 um (b) from the
original surface.

bidden reflection observed under the [2 1 1 0] incident
condition was not caused by the ordering arrangement
of the interstitial solute oxygen, but it seemed to be gen-
erated by double diffraction. In short, it seemed that the
Ti,O ordered phase did not form despite the presence
of a substantial amount of solute oxygen. Judging from
the c/a ratio values, the amount of the solute oxygen
in the titanium near the titanium-oxygen interface was
expected to be comparable to the oxygen content in the
Ti, O phase.

The weak reflection spots near the 1/2 1/2 11 po-
sition in the [1 1 0 0] diffraction pattern in Fig. 4b
are indicated by the arrow. These spots were not con-
sidered to originate from the formation of any ordered
structure but indicated an overlap of the TiO phase with
the hep titanium. The TiO phase far from the surface
seemed to proceed from a passive state film generated
on the specimen in ambient air. Although the passive
state film of titanium is considered to be the TiO, phase
or an amorphous phase, it may be the TiO phase, based
on the results of this study. It is also possible that the
amorphous passive state film changes to the TiO phase
through the electron beam irradiation from the TEM.

In the HRTEM image of Fig. 2c, a contrast modu-
lation corresponding to six times the (0 0 O 2) plane
spacing of the hcp titanium can be recognized. The
contrast modulation seemed to appear as an interfer-
ence between the stacks of the (1 1 1) close-packed
plane (ABCABC...) of the TiO passive film and the
(000 2) close-packed plane (ABABAB. . .) of the hcp
titanium.

In the low-magnification image seen in Fig. 1a, some
dislocations are evident in the titanium. Generally, dis-
locations are introduced by a strain due to a difference
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Figure 5 Enlarged HRTEM micrograph of the titanium-TiO-TiO; in-
terface. A step is put in at the TiO-TiO; interface to maintain partial
coherency, as indicated by the arrow.

in the thermal expansion coefficients of the metal and
the oxide at the usual PFM junction [4]. Compared to
the thermal expansion coefficient values in the titanium
(¢ ~9.4 x 10 79 K1) and the rutile («~ 8.8 x 107°
K1), the difference is quite small. A strain of 0.05%
is estimated for a change in temperature of about 800
K. In contrast, the axial ratio changed approximately
2% due to the change in the solute oxygen content be-
tween the interface (Fig. 4a) and the area 5 um inside
the interface (Fig. 4b). In short, the change in the solute
oxygen content seemed to cause the formation of the
dislocations in the titanium.

The above results show that the hexagonal titanium
and the TiO, phase of the rutile structure were in con-
tact through the TiO phase that was only a few nm
thick at the titanium-surface oxide interface. The tran-
sition occurred from the (0 0 0 2) close-packed plane
of the hexagonal titanium to the (1 1 1) close-packed
plane of the TiO phase. Fig. 5 is a magnified HRTEM
image of the interface. The interface of the (1 1 1)yio
plane and the (1 0 1)1i0, plane matched as they tilted
toward the interface at the same angle of 70°. Because
plane spacing values of d 1 (TiO) (0.2407 nm [27]) and
dy01(TiO,) (0.2487 nm [28]) have been reported, a lat-
tice mismatch between the (1 1 1)rjp plane and the (1
0 1)1io, plane is anticipated since the tilting angles to
the interface are almost the same. To reduce the lattice
mismatch, the ideal angle can be estimated as follows.
The projections of the (1 1 1)1i0 and (1 0 1)1i0, planes
on the interface are dq11(TiO)/sin 6; and d;91(TiO,)/sin
6,, respectively, where 6, and 6, are inclined angles of
the (1 1 I)tio and (1 O 1)7i0, planes to the interface
and given by 6; = (70 — x)° and 6, = (70 + x)°, re-
spectively. The continuity between these planes at the
interface holds while dn](TiO)/Sin 91 = d]()] (TlOz)/Sln
6,. Then

d111(Ti0)/d101(TiOz) = 0.968
= sin(70 — x)°/ sin(70 + x)°.

And x =2.5° satisfies this equation. Then the ideal in-
clined angles to the interface should be 67.5° and 72.5°
for the (1 1 1)1i0 plane and the (1 0 1)1i0, plane, respec-
tively. As a result, correction of the deviation from the
ideal contact angle introduced a step at the TiO-TiO; in-
terface, as shown by the arrow in Fig. 5. Consequently,
the interface slopes at an average gradient of 2.5° and
accommodates itself to the lattice mismatch. However,
the lattice coherency of an additional direction on the
interface cannot be maintained, even that of one direc-
tion can be kept up. Accordingly, the TiO, phase near
the interface retained its fine crystallite structure due to
strong interfacial constraint. Once the TiO; crystals left
the interface as the surface oxide layer grew, less inter-
facial constraint permitted these TiO, crystals to grow,
forming round, granular rutile crystals of about 100 nm
(Fig 1b). Finally, the rutile crystal became columnar,
since the titanium-oxide interface advanced toward the
inside and preferentially grew longitudinally.

3.2. Anodic oxidation

Fig. 6 is an SEM micrograph of the anodized titanium
surface. A rough, three-dimensional surface structure
with plentiful open pores is characteristic of spark an-
odization. Generally, an oxide film formed on titanium
by the anodization process has high resistivity. If an-
odization is carried out at a voltage below the break-
down limit, the drop in the voltage will mainly occur
over the oxide film. In this case, the final oxide thick-
ness formed by anodization is almost linear, depending
on the amount of voltage applied [20]. However, if the
voltage exceeds the breakdown limit, the oxide will no
longer be resistive enough to obstruct further current
flow and oxide growth. Under these circumstances, the
anodization process will be accompanied by excessive
gas evolution and sparks [20].

Fig. 7 displays a TEM micrograph of a specimen
cross section. The lower left corner of the micrograph
is the implant surface and the upper right corner is the
titanium base. The surface is very rough, and the thick-
ness of the oxide layer is estimated to be about 3—10 m.
A large crack and a pore can be seen between the tita-
nium base and the oxide. A protrusion and depression
are found on the surface, the depression being located
under the pore. The surface microstructure around the
depression is shown in Fig. 8a in a dark field micro-
graph. The left half displays an amorphous contrast,

Figure 6 SEM micrograph of the anodized titanium implant surface
(TiUnite™ ). Extreme surface roughness and a three-dimensional ox-
ide structure consisting of numerous open pores is typical morphology
created by spark anodization.
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Figure 7 A low-magnification TEM micrograph of the cross section of
the anodized titanium surface. The lower portion of the photo is the
implant surface and the upper portion is the titanium base.

while the right half is crystalline. The SAD patterns
and EDX spectra taken from points “B” through “E”
in Fig. 8a are shown in Figs 8b—e. The SAD patterns
from the amorphous phase (points “B” and “C”) have

halos. In contrast, those taken from points “D” and “E”
show that the small crystals are a TiO, phase of the
anatase-type structure. The corresponding area of a se-
lected area aperture is about 100 nm in diameter. Thus,
the size of the anatase crystal is estimated to be more
than 100 nm. In the EDX spectra measured from the
amorphous phase (Fig. 8d and e), a strong phospho-
rus peak is detected, which is considered to be derived
from a phosphate anion; this finding leads to the con-
clusion that the anodization process must have occurred
in a phosphoric solution. The phosphate anion from the
electrolyte was incorporated into the oxide layer and
concentrated in the amorphous phase.

Fig. 9a shows a low-magnification TEM image of a
cross section of the surface. The area in the lower right
corresponds to the implant surface where protrusions
and adepression are located. In Fig. 7, the anatase phase
formed at the depression, while the amorphous phase
formed at the depression near the pore in Fig. 9a. There
was no correlation between the surface morphology and
the phase formed. Fig. 9b and ¢ are SAD patterns taken
from positions “B” and “C” in Fig. 9a. Judging from
the SAD patterns, the crystal size of the anatase oxide
varies from less than 100 nm to less than 10 nm. In par-
ticular, nano-crystallites of the anatase phase formed

(d) Anatase [101]
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Figure 8 (a) A dark field TEM micrograph of the depression on the surface in Fig. 7. (b—e) Diffraction patterns and EDX spectra measured from

points “B”, “C”, “D” and “E” in Fig. 8a, respectively.
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Figure 9 (a) A low-magnification cross-sectional TEM micrograph of the anodized titanium surface. The implant surface is in the lower-right part of
the photo, and the titanium base is visible at the left edge. (b, ¢) Diffraction patterns were taken from the points on the oxide surface marked “B” and

“C” in Fig. 9a, respectively.

at position “C” in Fig. 9a. In such a case, enhanced
catalytic functions such as photocatalysis, disinfection
and hydrophilication are expected [21, 22].

The titanium base is visible at the left side of Fig. 9a.
A number of voids were generated to form a zone
around the interface between the oxide and the tita-
nium base, as shown in a magnified view in Fig. 10a.
Fig 10b is a further magnified image taken near the
interface and its corresponding SAD pattern. The hcp
titanium, titanium oxide and amorphous phase coin-
cide in an area of about 100 nm, since the SAD pattern
indicates an overlap of these three phases. However,
there is no clear interface between them, as is the case
with the degassed specimens. HRTEM images taken
from positions “A” and “B” in Fig. 10b are shown in
Fig. 10c and d. Although the crystalline oxide was the
anatase-type TiO, phase, we seldom found the rutile-
type TiO; phase, as shown in Fig. 10d. The rutile-type
TiO, phase did exist in the surface oxide layer, but it
was very rare, and usually the crystalline oxide was
the anatase-type TiO, phase. EDX spectra measured at
positions “A”-“C” are displayed in Figs 10e—g. Phos-
phorus was detected in the amorphous phase (Fig. 10g);
the phosphorus content in the amorphous phase around
the interface was lower than around the surface. The
penetration depth of the phosphoric anion seemed to
be related to the phosphorus concentration.

As mentioned above, spark anodization formed a sur-
face oxide layer that was very thick (about 10 um), and
also caused the formation of a huge crack or void around
the titanium-oxide interface. Indeed, the crack was de-
tected by examining the scanning ion microscopic im-

age when the TEM specimen was prepared with the
FIB. Presumably, the spark anodization process caused
such heavy oxidation on the titanium base that the ne-
cessity of removing the oxide layer during implantation
may need to be considered.

3.3. Comparison between the thermal
and anodic oxidations

We investigated the cross-sectional structures of the sur-
face oxide layers for both thermal-oxidized and anodic-
oxidized specimens. The conditions for thermal oxida-
tion were a relatively high temperature (1073 K) and
reduced atmosphere (27 hPa). The oxide generated was
mainly the TiO; phase of the rutile structure. The outer
structure of the surface oxide layer was composed of
columnar crystals of the rutile-type TiO, phase. Near
the interface, the crystal morphology became round and
granular, and the size of the crystals adjacent to the in-
terface was less than 10 nm. The oxide in the surface
oxide layer was the rutile-type TiO, phase despite the
change in morphology of the oxide crystals, depending
on their location from the interface to the surface. The
morphological change was consistent with the usual
crystal growth process.

Between the fine rutile crystallite and hcp titanium
at the interface, there was a transitional layer of the
TiO phase with a NaCl structure in an almost uni-
form thickness of a few nm. The close-packed (1 1
1) plane stacking of the TiO phase replaced the close-
packed (0 0 O 2) plane stacking of the titanium base.
It seemed that coherency between the titanium base
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Figure 10 (a) A low-magnification cross-sectional TEM micrograph of the anodized oxide-titanium base interface. Many voids had formed around
the interface. (b) An enlarged TEM micrograph and a diffraction pattern (inset) of the interface. The diffraction pattern indicates the overlap of the
amorphous, titanium and oxide. (c, d) HRTEM micrographs taken from positions “A” and “B” in Fig. 10b, respectively. (e-g) EDX spectra measured
from positions “A”, “B” and “C” in Fig. 10b.
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and the TiO phase was completely maintained. Par-
tial coherency was retained between the TiO phase and
crystallite TiO, phase. However, retaining full lattice
coherency between the TiO and TiO, phases was obvi-
ously impossible. The constraint affects the formation
of the oxide at the interface, and the crystal size of the
oxide is left being fine. In the case of thermal oxida-
tion, a clear interface, composed of the thin transitional
layer was observed between the rutile-type oxide and
the titanium base.

The conditions of the anodic oxidation, called “spark
anodization,” were relatively severe. As mentioned
above, the thickness of the oxide layer was a maxi-
mum of 10 um, which was composed of a mixture of
the anatase-type TiO, phase and the amorphous phase
in which the phosphoric anion was concentrated. The
anatase crystal was relatively small and varied from less
than 10 to more than 100 nm. The volume fraction and
crystal size may relate to the functions of photocatal-
ysis, disinfection and hydrofilication. The oxide layer
formed by the spark anodization was accompanied by a
huge crack or void around the interface; defects such as
these may lead the surface oxide layer to exfoliate dur-
ing clinical use. It is suggested that long-term reliability
should be examined clinically.

The structures of these two oxide layers, as well as the
oxide phases, are quite different. These differences are
anatural outcome of the completely different oxidation
processes: the thermal oxidation was carried out in adry
environment and the anodic oxidation was performed in
a wet environment accompanied by an electrochemical
effect.

In this study, we investigated the cross-sectional
structures of the surface oxide layers under certain
conditions. Changing factors such as the temperature,
pressure, and duration of the thermal oxidation and
the temperature, voltage, duration, electrolyte, and
concentration for the anodic oxidation will cause
the compounds and structures formed to vary from
those observed in this study. Until now, it was dif-
ficult to prepare cross-sectional TEM specimens of
metal-oxide composites because of the differences
in their mechanical and chemical properties. Nowa-
days, amazing progress in TEM sample preparation
equipment and techniques has made it possible for
us to easily observe the interface structure on an
atomic scale. Much new knowledge about metal-oxide
interface structures will be discovered by atomic-
scale TEM observations in the future. We intend to
continue to investigate the titanium-oxide interface
structure under various oxidation conditions using
recent sophisticated techniques like EELS, together
with TEM characterization, to optimize the use of
biomaterials.

4. Conclusions
We used TEM to investigate the titanium-oxide inter-
face structure formed by the degassing and the anodiza-
tion processes.

Thermal oxidation occurred in the degassed titanium,
and the structure around the surface oxide layer was
characterized as follows:

1. The oxide layer was less than 1 um thick and was
composed of the TiO, phase with a rutile structure.

2. The shape of the rutile crystals from the surface to
the interface varied from columnar to granular to fine.

3. Between the Ti and the rutile, there was a thin
intermediate layer a few nm thick. The intermediate
layer was considered to be the NaCl-type TiO phase.

4. Lattice coherency was maintained through both of
the close-packed planes between the hcp titanium and
TiO phase.

5. Partial lattice coherency was observed between
the intermediate TiO phase and fine TiO; crystallite.

Anodic oxidation on the surface of the titanium im-
plant and the structure of the surface oxide produced
the following results:

1. The oxide layer was about 10 um thick and was
composed of a mixture of the amorphous phase and the
TiO; phase of the anatase structure.

2. The crystal size of the anatase varied from less
than 10 nm to more than 100 nm.

3. Phosphorous was concentrated in the amorphous
phase.

4. In contrast to the degassed specimens, neither lat-
tice coherency nor a clear interface was found, but a
large crack and a void formed around the interface.
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