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Titanium oxides such as rutile and anatase, are materials that stand out for exhibiting properties
that act in biomedical and photocatalytic applications, among others. It is extreme importance to
idealize new techniques that produce such compounds, being indispensable the improvement of
characterizations for these materials. For this purpose, titanium comercially pure (CP) grade II
cylindrical samples were oxidized ionically using titanium cage electric shields, oxidized at 350 ° C
in 3 and 8 hours. Through Grazing Incidence X-ray Diffraction (GIXRD) analysis, was observed on
the surface of the treated samples the formation of a TiO, film with the anatase, rutile and brookite
phases, the latter phase cited being difficult to produce in conventional thermochemical treatments. All
samples treated showed a significant increase in wettability using distilled water. The higer value was
for the sample with a 8 hours treatment time, in which this condition presented phases with greater

intensity in the analysis of GIXRD.
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1. Introduction

Titanium compounds are being extensively studied due
to the large number of industrial applications, when elements
such as hydrogen, carbon, nitrogen or oxygen are added in
their crystalline lattice. The great affinity of titanium with
these elements occurs because this metal has an incomplete
electronic configuration, in other words, it has free "d"
orbitals that promote the formation of chemical bonds with
interstitial elements (H, C, N and O)'%.

Titanium is also found in the form of oxide, the best
known as TiO,. It is widely used because it is chemically
inert and has characteristics such as biocompatibility, good
dielectric properties, excellent absorption in the ultraviolet
spectrum, high stability and is applied in different industrial
areas such as solar cells, environmental purifiers, biomaterials,
protective layers against corrosion, nanomaterials®¢. Among the
existing titanium oxides compounds, titanium dioxide, TiOz,
draws attention to possess important properties scientifically
and industrially, and can be found in different crystalline
structures, the best known being brookite, anatase and rutile.
The anatase and rutile crystallizes in the tetragonal structure
and brookite crystallizes in orthorhombic™!°.

In order to intensify the applications of titanium in industrial
sectors, several processes have been developed in the areas
of surface protection, electrical contacts, diffusion barriers,
catalytic aspects, for example. This change of properties
is explained by the overlap between the "2p" orbitals of
the interstitial elements such as oxygen, and the titanium
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d orbitals. In addition, in recent years, several researches
have been conducted, mainly due to its biocompatibility and
the sensitive modification of its properties, such as friction,
optical absorption, hardness, wettability and wear, among
others, when interstitial elements such as hydrogen, carbon,
nitrogen or oxygen are introduced into their crystalline
lattice''*. This implies the importance of the need to control
the composition and structure during the surface processing
of titanium.

Among the current coating techniques for titanium
surfaces, the cathodic cage has been gaining prominence
due to its versatility. It was developed in the Laboratory
of Plasma Materials Processing at UFRN (Labplasma)
and emerged as an adaptation of ionic nitriding. Its main
objective was to minimize some defects of the conventional
technique, such as the edge effect, the opening of arcs, the
effect of hollow cathode in samples with complex geometry.
The cathodic cage is composed of a cylindrical plate and
a cap, both with holes with similar diameters. The part to
be treated is in floating potential, due to the presence of an
insulating material between this and the cathode. In this
way, the plasma is concentrated in the cage and not on the
sample, producing the hollow cathode effect in the present
holes. This effect causes the formation of a higher density
of ions and these will react with the active species from
the plasma used and these will be deposited by gravity and
diffused in the part to be treated'>"".

Thus, the present work aims to propose a new technique
for the production of TiO, thin films by means of the cathodic
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cage plasma deposition technique, addressing the main
parameters used in it.

2. Materials and Methods

For the preparation of the samples, titanium CP discs
(Grade IT) were used, measuring 15 mm in diameter and 1.5
mm in thickness. Before to plasma treatment, these were
prepared metallographically by sanding with silicon carbide
sticks having particle sizes 220, 360, 400, 600, 1200, 1500
and 2000 MESH. After sanding, a solution of hydrogen
peroxide (60%) and colloidal silica (40%) was polished with
an OP-CHEM polishing cloth for 30 minutes. Before the
samples were inserted into the plasma reactor, these were
cleaned by ultrasonic shaking in 3 different solution baths.

After cleaning, three samples were placed in a conventional
stainless steel nitriding chamber with a 50 mm high 32 mm
diameter top quartz window. For the treatment, was used a
cathode cage made of titanium, presenting 70 mm of diameter
and 34 mm of height, with 16 holes arranged laterally and
12.5 mm each. The cover of the cage had 12 holes with 12.5
mm diameter, as shown in Figure 1.

Figure 1. (a) Schematic representation of the cathodic cage (b)
Arrangement of the samples in the cathodic cage.

All plasma interactions occur in the cathodic cage and
not directly in the samples, being the last ones mentioned
are in floating potential, isolated by an alumina disk. The
cage works as the negative pole, the cathode, and the reactor
chamber as the positive pole, the anode.

Initially, a cathodic cage cleaning was carried out in order
to remove oxides or contaminants present on its surface, which
consisted of a plasma treatment with argon and hydrogen
gases, both with 10 SCCM (standard cubic centimeters per
minute), pressure of 0.6 mbar and temperature of 200°C for
a time of 30 minutes. After this time, the thermochemical
treatment was started in which it consisted of a flow of 20
SCCM of argon, pressure of 0.6 mbar at a temperature of
350°C. Two groups of samples were treated, one with 3
hours of treatment and the other with 8 hours of treatment.

The GIXRD (Grazing Incidence X-ray Diffraction)
analyzes were performed at CITED - UFERSA. The
diffraction measurements were performed using a Shimadzu
XRD diffractometer, model XRC-6000, in which were
used the angles of incidence at 0.5°, 1.0° and 3.0°, Cu Ka
radiation in a 20 scan of 20.0 to 80.0, with 0.02° step and
counting time of 1 seconds. The identification of the phases

was done with the help of the Match program, based on the
American Mineralogist Crystal Structure Database (AMCSD),
Crystallography Open Database (COD) and data obtained
in the literature.

The contact angle was measured on 3 discs of each
treated surface and standard, with the aid of a graduated
pipette, 20 puL of distilled water was dripped onto each
disc. Photographs were obtained at different times until
the complete relaxation of the drop (60 seconds), using a
Pinnacle Studio 9.0 image capture program.

3. Results and Discussions

Figure 2 shows GIXRD diffractograms for standard
samples and samples treated in 3 and 8 hours with a flow
0of 20 SCCM of argon. The GIXRD technique is important
because of the small depth of beam penetration in the deposited
layer, providing information about the diffusion profile
that occurred in the treatment. It is shown a fundamental
analysis for the present work, being more effective than the
configuration of Bragg - Brentane. As the profile is small,
the beam path should be small, reaching lower depths, which
provides more information about the oxides layer formed.

Figure 2 (a) and 2 (b) show the standard sample
diffractograms at an angle of 0.5° and the treated samples
at angles of 0.5° 1.0° and 3.0°. In the standard sample,
analyzed in 0.5°, are verified the presence of the phases of
titanium and of two phases of rutile oxides in 35.59° and
40.96°, being these last ones are due to the formation of the
natural oxide layer, present in titanium and some transition
metals'?7. These phases continue to be observed in the other
depths of the beam in the treated samples. In Figure 2 (a) in
the diffractogram, is observed the presence of the anatase,
brookite and rutile phases of the sample treated for the angle
of 0.5° being the first and the last one more commonly
found in works of the literature. Attention is drawn to the
presence of the brookite phase that is formed under specific
pressure conditions and lower temperatures, being difficult to
produce in conventional thermochemical treatments'?. This
fact proves that superficially, the deposition process was
effective, significantly modifying the surface treated sample.

With the increase of the beam depth, at the angles of
1.0° and 3.0°, it's observed the intensity decrease of some
phases present in the axis 20, as the anatase in 25.39°, the
brookite around 33.10°, and rutile at 54.30° (Figure 2). The
rutile phase at 27.47°, presents similar intensities in the
angles of 0.5° and 1.0° and a slight decrease in 3.0°, which
characterizes a greater formation stability of the same. On the
other hand, other phases present an increase of the intensity
according to the depth of the beam, can be these the anatase
in 38.31°, and the rutile in 52.64°. The above facts can be
explained by deposition preference of some phases in certain
crystalline plains orientations, which occurs commonly in
the deposition process of thin films. This fact can prove
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Figure 2. Diffractograms of the X-ray samples in GIXRD of the titanium samples. (a) treatment in 3, (b) treatment in 8 hours.

that the cathodic cage technique can promote the deposition
process, because some titanium and titanium oxides phases
are present in different depths and intensities.

An important point to be mentioned is that for the angle
of 3°, some phases of titanium along with the phases of
titanium oxides present are observed. This can be explained
by the fact that the 3° beam is obtaining information from
the deposited film and also from the substrate providing
this peak with the two phases present. As around 38° the
phase of titanium and anatase are in the same peak, and for
the angles of 1.0° and 0.5° only the presence of the anatase
phase is verified, indicating that the beam obtained more
information from the deposited film. In the same way occurs
around 70° for the rutile and titanium phases.

InFigure 2 (b), the first important observation is the presence
of phases with higher intensities, which can be explained due to
the longer treatment time, resulting in higher deposition kinetics.
The presence of the brookite phase becomes more evident for
this time of treatment, although it is a difficult phase to obtain
the titanium oxide. For both Figure 2 (a) and Figure 2 (b) =, at
the 0.5° angle for the standard sample and treated, a significant
difference between the present phases is observed, with the
oxide phases prevailing.

Again is observed the preference of some phases
according to depth. In relation to the decrease in intensity
with the depth of the beam, the same phases cited for the
treatment of 3 hours, such as anatase at 25.39°, brookite at
around 33.10°, and rutile at 54.30°, behaved in this way. And
in relation to the intensity increase with the beam depth,
similar to the 3-hour treatment, the phases that presented
this behavior were the anatase at 38.31°, and the rutile at
52.64°, drawing attention only by the difference of intensity
between treatments of 3 and 8 hours. It is also observed in
both treatments, for the angle of 3° the appearance of the
phases of titanium in dispute with anatase phase, because it
verified the presence of two phases in a same peak.

An important fact to be mentioned is that the
deposition process of titanium oxides was effective even
at a relatively low temperature, that is, at 350°C. It also
occurs due to the high affinity of the titanium with oxygen,
where the pressure and temperature conditions caused
the formation of the different crystalline phases, rutile,
anatase and brookite. The same occurred using only the
argon gas and residual oxygen present in the reactor, and
these conditions may have favored the formation of the
brookite phase. Another important point is the cathodic
deposition technique, which, although the particle shock
did not occur directly on the surface of the sample, but in
the cage, where the hollow cathode effect present in the
holes of the cage and together with the temperature and
pressure parameters, may also have provided formation
kinetics for the brookite phase!>!’.

According to the results of the contact angle, shown in
Figure 3 and Figure 4, the tendency of the reduction of the
angle of contact with the treatment time can be mentioned
as the main point. The result for the untreated sample
presented an angle value around 63.00 + 4.00, presenting
a hydrophilic character due to the value being smaller than
90° which is already characteristic of titanium samples with
the preparation performed in the present work'?.

The sample with 3 hours of treatment obtained a
value of 32.66 + 2.52 and the sample with 8 hours of
treatment 6.33 + 0.58, observing a considerable decrease
of the angle of contact with the treatment time. These
changes related to the hydrophilic character, refer to
the presence of different crystalline phases of titanium
oxides, which increases the ability of the samples to
interact with the distilled water. By relating the value
of the contact angle for the sample treated with 8 hours
with Figure 2 (b), this decrease of the contact angle can
be related to the increase of the intensities presented in
the diffractograms.
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Figure 3. Wettability test of titanium surfaces. (a) treated in 3 hours, (b) treated in 8 hours.

Figure 4. Graph of contact angle analysis for untreated and treated
samples.

4. Conclusions

The cathodic cage plasma deposition technique proved
to be effective in the deposition of different titanium oxides
directly on grade II titanium parts. The same was done at
a lower temperature of 350°C when compared to other
thermochemical treatments by plasma and caused a higher
rate of deposition with a longer treatment time. In addition
to the titanium oxide phases most commonly observed in
the literature, it was obtained the brookite phase in which
it may have been formed due to kinetics of the plasma in
the hollow cathode effect together with the parameters of
pressure, temperature and gas flow. The contact angle was a
property that obtained a significant change when compared
with the standard sample, collaborating with the confirmation
of the efficiency of the treatment.
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