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Anatase formation on titanium by two-step thermal oxidation
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Abstract Two-step thermal oxidation of commercially
pure Ti was investigated with a focus on the formation
of anatase. A first-step treatment was conducted in Ar—
(0.1-20)%CO atmosphere at a temperature of 773-1173 K
for a holding time of 0 or 86.4 ks, and a subsequent sec-
ond-step treatment was conducted in air at 473-873 K for
0-86.4 ks. Titanium oxides and titanium oxycarbide were
obtained in the first step, with relative amounts depending
on heating temperature, holding time, and CO partial
pressure. An anatase-rich layer on Ti was obtained after
second-step treatment in air at 573-773 K in cases where
single-phase titanium oxycarbide formed in the first step.
Thus, the formation of single-phase titanium oxycarbide in
the first step and temperature control in the second step
were required for the formation of an anatase-rich layer.
The bonding strength of an anatase-rich layer with a
thickness of 0.5 um was calculated to be around 90 MPa.
This study reveals the conditions under which an anatase-
rich layer with excellent adherence to Ti can be prepared
by thermal oxidation.
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Introduction

Titanium (Ti) and its alloys have excellent properties such as
high specific strength and high corrosion resistance and can
exhibit a wide range of mechanical properties depending on
alloy composition and thermomechanical treatments. Given
these advantages, they have been employed in aerospace and
military industries as well as chemical plants. More recently,
their use has been extended to applications such as bio-
medical implants, buildings, and sporting goods.

A layer of titanium dioxide (titania: TiO,) affects the
surface properties of Ti. Previous studies have reported that
a TiO, layer formed on Ti improves corrosion resistance
[1, 2] and biocompatibility [3—10], in addition to providing
photocatalytic activity [11]. The polymorphic phases of
TiO, are tetragonal rutile, tetragonal anatase, and ortho-
rhombic brookite. On a macroscopic scale, rutile is ther-
modynamically stable relative to anatase and brookite [12,
13]. However, the relative stability of these phases depends
on particle size [13, 14], and anatase becomes the stable
phase under conditions of small particle size. In biomedical
research, it has been reported that the formation of anatase
phase on Ti implants improves their bone compatibility
[5-10]. In addition, anatase [15] as well as anatase—rutile
[16] and anatase—brookite [17, 18] composites are known
to exhibit high levels of photocatalytic activity.

Anatase-rich layers on Ti have previously been prepared
by methods based on vapor deposition [19, 20] or wet
processes [5—11, 21]. Vapor deposition is a relatively
expensive process, and the adherence of the TiO, layer
formed by wet processes is generally low. In contrast,
thermal oxidation is a simple and low-cost method to
prepare TiO; layers on Ti with excellent adherence and can
be applied to substrates with a complex geometry. There-
fore, controlling the TiO, phases on Ti by thermal
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oxidation should contribute to expand the applications of
Ti in biomedical and photocatalytic fields.

During the thermal oxidation of Ti, rutile phase has been
reported as the main oxidation product [22, 23], and a few
studies have reported the formation of anatase as the minor
phase [24, 25]. Borgioli et al. [24] reported the formation
of anatase as the minor phase (with rutile as the main
phase) in the oxidized film on a Ti-6Al-4V alloy after
glow-discharge processing in air at a total gas pressure of
0.01 atm. Lee and Park [25], using oxidation in a wet
oxygen atmosphere for 10.8 ks at 683 K in combination
with post-annealing in air at 773 K, showed formation of a
TisO/anatase layer (with TisO; as the main phase) on a
magnetron-sputtered Ti thin film. However, the formation
of an anatase-rich layer on Ti by thermal oxidation has not
been reported thus far.

In this study, we developed a two-step thermal oxidation
method consisting of a first step in Ar—CO atmosphere and
a second step in air for forming anatase on Ti and inves-
tigated the effects of process parameters in both steps on
the resultant products and their adherence to Ti.

Experimental

Commercially pure (CP) Ti plates (JIS Gr.2) with dimen-
sions of 10~ x 10® x 2T mm were used as specimens for
the thermal oxidation treatments. The CP Ti plates were
mirror-polished (Ra < 0.05 pm). Subsequently, they were
ultrasonically cleaned in ultrapure water and ethanol for
0.3 ks each, and then dried at room temperature before the
thermal oxidation treatments.

The first step was conducted in an atmosphere of
Ar—(0.1-20)%CO (primarily Ar—1%CO) using an electric
resistance furnace with a silica reaction tube (inner diam-
eter: 4.6 x 107> m). The flow rate of Ar—CO gas was
6.7 x 107°m® s7! at 1 atm and 273.15 K. The total gas
pressure was 1 atm. The gas atmosphere during the
increases and decreases in specimen temperature was the
same as that during holding. The specimen temperature
was increased to a specified value at a rate of 8.3 K s™' and
cooled in the furnace at the same rate after holding at a
specified temperature. The treatment temperature varied
between 673 and 1173 K. The holding time for the treat-
ment in the first step was 0 or 86.4 ks. A holding time of
0 ks implies that the specimens were cooled immediately
after the specimen temperature reached a specified value.
A Ti sponge was placed at the gas inlet side of the speci-
men in the tube furnace to remove the oxidant impurities in
the Ar—CO gas.

Following the first-step treatment, the second step was
conducted in air at 473-873 K for 0-86.4 ks using an

electric resistance muffle furnace (KBF828N, Koyo
Thermo Systems Co, Ltd.). The rate at which the specimen
temperature increased or decreased in the second step was
8.3 K s~ ! in both cases.

After the first or second step, the reaction layer on
Ti was analyzed by o — 20 X-ray diffraction (XRD:
RU-200B, CuKoa, Rigaku) with an incident angle of 0.3°
and 0 — 20 XRD (D8 ADVANCE, CuKo, Bruker AXS).
Cross sections of the reaction layer were observed by
scanning electron microscopy (SEM, PHILIPS, XL30FEG)
and transmission electron microscopy (TEM: EM-2100,
JEOL and H-800, Hitachi). Chemical bonding in the
reaction layer was evaluated using X-ray photoelectron
spectroscopy (XPS: Sigma Probe, Thermo Scientific).

The bonding strength between Ti and the reaction layer
formed by the two-step treatment was evaluated using a
mechanical strength tester (Romulus IV, Quad Group). An
aluminum (Al) stud with epoxy glue (P/N 901106, Quad
Group) was attached to the surface of the reaction layer on
Ti. The maximum load for the pulling test with the Al stud
was recorded and used to evaluate the bonding strength
between the reaction layer and Ti (N = 5). Details of the
procedures for evaluating bonding strength have been
reported elsewhere [26].

Results

Figure 1 shows the o — 26 and 60 — 20 XRD patterns of
the reaction layer after the first step in Ar—1%CO atmo-
sphere at 1073 K for O ks, along with the standard patterns
of TiC (JCPDS card no. 32-1383) and «-Ti (JCPDS card
no. 44-1294). The XRD pattern of the reaction layer was
close to the standard pattern of TiC, although the reflec-
tions shifted toward higher angles. The XPS spectra for Ti
2p, C 1s, and O 1s of the reaction layer as a function of the
duration of Ar ion etching are displayed in Fig. 2. The
presence of both Ti—-C and Ti—O bonds was confirmed.
From the results of XRD and XPS analyses, the phase in
the reaction layer can be concluded to be titanium oxy-
carbide, TiC;_,0O,. It has been reported that the substitution
of oxygen for carbon in TiC decreases its lattice constant
[27]; this is consistent with the shift in the reflections
observed in this study (Fig. 1). The intensity of the Ti—C
bonding peaks in Fig. 2a and b increased with the Ar ion
etching time, indicating that the value of x in TiC,_,O,
decreased across the reaction layer from the surface to
Ti. SEM observations revealed that the thickness of the
TiC,_,0, layer formed by heating at 1073 K for 0 ks was
around 0.2 pm (Fig. 3).

The reaction products after the first- and second-step
treatments are summarized in Fig. 4. The first-step treat-
ment was carried out under conditions of Ar-1%CO
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Fig. 1 o« — 20 and 6 — 26 XRD patterns of reaction layer after first
step and JCPDS reference patterns of TiC (card no. 32-1383) and «-Ti
(card no. 44-1294)

atmosphere at 673-1173 K for 0 (Fig. 4a) or 86.4 ks
(Fig. 4b). After the first-step treatment, the subsequent
second-step treatment was carried out under the same
conditions: air atmosphere, temperature of 773 K, and
holding time of 86.4 ks. In Fig. 4, the phase fraction in the
reaction products is expressed in terms of the relative
intensities of the strongest peaks of the phases in the
o — 20 XRD patterns of the reaction layers. The TiC;_,O,

- 50 n

Fig. 3 Cross section of reaction layer (TiC,_,0,) after first step in
Ar-1%CO atmosphere at 1073 K for O ks

phase was obtained over a wide range of conditions in the
first step. Single-phase TiC,_,O, was obtained after treat-
ment at higher temperatures. A rutile phase was detected at
lower treatment temperatures. The titanium suboxides
TigO;; and TisOg were formed at a treatment temperature
of 1173 K and holding time of 86.4 ks. After the second
step, an anatase-rich layer was detected in cases where
single-phase TiC;_,0O, was formed in the first step.
Figure 5 shows the o — 260 and 6 — 20 XRD patterns of
the reaction layers after the second step in air at 773 K for
various holding times under the same first-step conditions
(in Ar-1%CO atmosphere at 1073 K for 0 ks). An anatase-
rich layer was detected even after immediate cooling
(holding time: O ks) in the second step. The anatase-to-
rutile peak intensity ratio decreased with increasing hold-
ing time in the second step. In the o — 260 XRD patterns,
this ratio was higher than in the # — 20 XRD patterns. This
may indicate that the outer part of the reaction layer is
anatase-rich relative to the inner part. The cross sections of
anatase-rich layers formed during the second step in air at
773 K for O ks after the first step in Ar—1%CO atmosphere
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Fig. 2 XPS spectra for a Ti 2p, b C 1s, and ¢ O s of reaction layer after first step in Ar—1%CO atmosphere at 1073 K for 0 ks as a function of

duration of Ar ion etching up to 200 s
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for O ks at 1073 and 1173 K are demonstrated in Fig. 6a
and b, respectively. The thicknesses of the reaction layers for
first-step temperatures of 1073 and 1173 K were around 0.5
and 1.5 pm, respectively. Figure 7a shows the TEM image
of a cross section of the reaction layer on Ti after the two-step
treatment, where the first step was in Ar—1%CO atmosphere
at 1073 K for 0 ks and the second step was in air at 773 K for
86.4 ks. Small grains were observed in the reaction layer.
The electron diffraction pattern of a selected area of the
reaction layer is shown in Fig. 7b. As schematically illus-
trated in Fig. 7c, both patterns of rutile and anatase were
detected.

Figure 8a and b depicts the o — 20 and 6 — 20 XRD
patterns of the reaction layers, respectively, after the sec-
ond step in air for 86.4 ks at various temperatures. The first
step was conducted in Ar—1%CO atmosphere at 1073 K for
0 ks. The formation of anatase phase was detected after the
second step at temperatures ranging from 573 to 773 K. On
the other hand, single-phase rutile was obtained after the
second step at 873 K. At 473 K, TiC,_,O, was still the
main phase. Figure 9a and b shows the o — 20 XRD pat-
terns of the reaction layers after the first step at 1073 K for
0 ks under various CO partial pressures in Ar—CO atmo-
sphere and after the second step in air at 773 K for 86.4 ks,
respectively. A weak reflection for rutile was observed
after the first step at high CO partial pressures (e.g., in
atmospheres of Ar—20%CO and Ar-10%CO), which led to
rutile-rich layers after the second step.

The bonding strength of the anatase-rich layer (first step in
Ar—1%CO at 1073 K for O ks and second step in air at 773 K
for 86.4 ks) with a thickness of 0.5 um (see Figs. 6a and 7a)

Temperature (first step), 7} /K

was calculated to be around 90 MPa. The specimen surface
after the adherence test is shown in Fig. 10. The TiO, layer
and epoxy glue as well as Ti surface can be detected on the
specimen surface, indicating that detachment of the reaction
layer occurred at the TiO,/glue, glue/Al stud, and Ti/TiO,
layer interfaces and in the interior of the epoxy glue.
Therefore, it is improbable that values of around 90 MPa
reflect the bonding strength of the reaction layer to Ti.
However, it can be estimated that the bonding strength of the
anatase-rich layer to Ti is greater than 90 MPa.

Discussion

Single-phase TiC;_,O, was obtained after the first-step
treatment in Ar—1%CO atmosphere at high temperatures.
TiC,_,O, appears to be a stable phase under these condi-
tions. Few thermodynamic data on titanium oxycarbide
have been reported thus far. The temperature dependence
of the standard Gibbs free energy of Ti,CO formation
(AG%(Ti,CO)) was reported by Maitre et al. [28], who
measured the specific heat of Ti,CO. Using their data
on AG5(Ti,CO) in Eq. (1), the potential diagram of the
Ti—C-O system at 1100 K was constructed as Fig. 11.

2Ti(s) + C(s) + 1/20,(g) = Ti,CO(s)

AG3(Ti,CO) = — 999.4 + 0.2241T (kJ mol ")
(T : 298 — 1800 K) (1)

The standard Gibbs free energy for TiC;_,O,
(0 < x <0.33) formation at 1580 K (AG{s4,(TiCi_,Ox))

@ Springer
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Fig. 6 Cross sections of reaction layers (anatase + rutile) formed
during second-step treatment in air at 773 K for 86.4 ks after first-step
treatment at a 1073 K and b 1173 K in an Ar-1%CO atmosphere for
0 ks

was reported by Ouensanga [29], and the values of
AG$ 55, (TiC;_O,) were suggested to change linearly when
x in TiC;_,0O, changes from 0.04 to 0.33 [30, 31]. In
constructing Fig. 11, the change in the composition of
TiC,_,O, was ignored. The standard Gibbs free energies
for the formation of other substances are given by NIST-
JANAF thermochemical tables [32]. The relationship
between carbon activity (ac) and oxygen partial pressure
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Fig. 7 a TEM image, b electron diffraction pattern of selected area,
and ¢ schematic diagram of diffraction pattern for reaction layer after
two-step treatment

(Po,) at a CO partial pressure (Pco) of 0.01 atm—the main
experimental condition used in the first step of this study is
represented in Fig. 11. The Ti,CO phase was suggested to
be stable under the conditions of first-step treatment at a
sufficiently low Po,.
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Fig. 8 Variation in reaction
layer phases with respect to
temperature of second step in air
for 86.4 ks after first step in
Ar-1%CO atmosphere at

1073 K for O ks. a and b show
the o — 26 and 6 — 20 XRD
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Fig. 9 o — 20 XRD patterns of reaction layer after a first step at various CO partial pressures in Ar—CO atmosphere and b subsequent second

step in air at 773 K for 86.4 ks

Given that rutile phase was detected in the first step in
Ar-1%CO atmosphere at 773-973 K for 0 ks (Fig. 4a), it
might have been present on Ti before the specimen tem-
perature reached 1073 K. Therefore, it is possible that the

reduction of rutile phase to the TiC;_,O, phase occurred
in Ar-1%CO atmosphere. This reduction from rutile to
TiC,_,O, phase is apparently achieved by the following
reactions via Magnéli oxides (Ti,0,,_1) [33].
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Fig. 11 Potential diagram of Ti—-C-O system at 1100 K

nTlOZ(S) + CO(g) = TinOanl(S) + COz(g) (2)
Ti,02,-1(s) + (4n — 3nx — 1)CO(g)
= nTiC_,Ox(s) + (3n — 2nx — 1)COy(g) (3)

The oxide phases of TigO;; + TisOy and TiO, were
detected as the main products in the reaction layer after the
first-step treatments in Ar—1%CO atmosphere at 1173 K
for 86.4 ks and at 673—-873 K, respectively. In the first step,
rutile phase was found with TiC,;_,O, at 1073 K under
high Pco (see Fig. 9a). Therefore, in order to obtain single-
phase TiC,_,O,, it is necessary to control the heating
temperature, holding time, and Pco during the first-step
treatment.

The formation of an anatase-rich layer was detected
after the second-step treatment when single-phase
TiC,_,0O, was formed in the first step. In thermal oxidation
of Ti, rutile has been generally reported to be the dominant
phase. On the other hand, in thermal oxidation of titanium
carbide, the formation of anatase as the main phase has

@ Springer

been reported in the temperature range of 623-873 K [27,
34-36]. Shabalin et al. [27] presented an oxidation model
of titanium carbide (TiC;_,) coexisting with graphite in O,
atmosphere;

TiCy_y — TiCi_,—,0y — TiO,_,C;(anatase)
— TiO,_,(rutile) (4)

In their model, carbon is first substituted by oxygen to form
titanium oxycarbide. Subsequently, carbon-containing
anatase forms as substitution proceeds, after which rutile
phase finally forms. In addition, it has been reported that a
carbon coating on anatase suppresses the anatase-to-rutile
transition at 973 K in N, atmosphere [37]. These reports
indicate that the incorporation of carbon in TiO, stabilizes
the anatase phase. Similar to the oxidation of titanium
carbide, our results suggest that the carbon in TiC,_,_,0,
is incorporated into titanium oxide and stabilizes the ana-
tase phase in air oxidation at temperatures of 573-773 K.
At 873 K, however, the rutile but not the anatase phase
formed via the oxidation of TiC,_,_,0, in air (Fig. 8). Ata
high temperature of 873 K, all the carbon may have been
oxidized to CO or CO; in air, thus allowing the transition
from anatase to rutile to occur. The TiC,_,_,O, phase was
still observed after holding at 473 K for 86.4 ks, indicating
that the oxidation reaction did not proceed in air. There-
fore, temperature control in the second step is essential to
obtain the anatase phase.

The bonding strength of the anatase-rich layer to Ti was
very high (~90 MPa) compared to that of the anatase layer
to NiTi prepared by the sol-gel technique and steam
crystallization (~25 MPa) [38] and to that of ana-
tase + rutile layer on Ti prepared by anodic oxidation
(31.2-34.2 MPa) [39]. The two-step thermal oxidation
method proposed in this study can be applied to the for-
mation of an anatase-rich layer on Ti. In addition, the
reaction rates in both the first and second steps appear to be
high because reactions forming TiC,_,O, and an anatase-
rich layer were observed at 1073 and 773 K, respectively,
for a holding time of 0 ks. The formation of an anatase-rich
layer with excellent adherence to Ti by thermal oxidation
may thus be effective for surface modification in biomed-
ical and photocatalytic fields.

Conclusions

Two-step thermal oxidation of CP Ti involving a first step
in Ar—CO atmosphere and a second step in air was inves-
tigated with a focus on the formation of anatase phase,
yielding the following results.

(1) TiC,_,O, phase was obtained over a wide range of
conditions in the first step, and single-phase TiC;_,0O,
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2)

was obtained after treatment in Ar-0.1%CO and
Ar-1%CO atmospheres at high temperatures.

An anatase-rich layer with excellent adherence to Ti
was obtained after second-step treatment in air at
573-773 K in cases where single-phase TiC;_,O,
formed in the first step. Therefore, formation of
single-phase TiC,_,O, in the first step and temper-
ature control in the second step are required for
preparing an anatase-rich layer.
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