Materials Research. 2022; 25(suppl. 1): 20210497
DOI: https://doi.org/10.1590/1980-5373-MR-2021-0497

Morphological and Structural Study of Anodized Titanium Grade 2, Using HCI in Aqueous
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In this work, the electrochemical anodization process was carried out on titanium grade 2, using
an electrolytic solution of 3 M and 0.15 M HCI with voltages of 11 V, 12 V and 15V, as well as time
variations in the experimental process and later an annealing process at 750 °C. According to the results
obtained, the TiO, coatings presented different morphologies on their surface, which consisted of nanopores,
nanowires and clusters of oxide grains, as well as a combination of anatase and rutile crystalline phases.
Band Gap variations were found to be non-significant despite changes in the morphology of'the coatings
at different anodization conditions, with an average value of 2.91 eV. It was observed that the anodized
samples treated by the annealing process at 750 °C, thickness values up to 16 um were obtained.
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1. Introduction

Titanium is widely used material in the medical field and
in a wide range of technological fields. Titanium has a low
density and high corrosion resistance with good plasticity
and mechanical properties and is also characterized by its
biocompatibility due to the formation of spontaneous passive
layers'. These materials are mainly used in the aeronautical,
maritime, chemical and energy industries®. There are several
reports for obtaining TiO, using different synthesis techniques,
among them, chemical vapor deposition, sputtering, hydrothermal
synthesis, sol-gel, electrochemical methods and spray pyrolysis
techniques®. Titanium oxide films produced by anodic oxidation
have been reported to have more uniform nanoporous and
nanotubular structures®. According to the materials used for
the anodizing process, it is possible to classify the electrolyte
solutions into four generations that are correlated for the study
of titanium anodization®. For this particular study, the fourth
generation was considered, in which the presence of chloride
ions during the anodizing process helps the formation of
nanostructures over the outside of the material, in particular,
nanopores and TiO, nanotubes™".

It has been reported that the use of electrolytes with F-ions
can generate safety problems, toxicity or other concerns for
industrial scale applications, and ways have been sought to
improve the anodizing method by using non-precious metal
electrodes and environmentally benign electrolytes for the
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preparation of TiO, nanotube films’. The anodized materials
are characterized by the formation of nanostructures on the
oxide layer, which can obtain several properties such as
the increase in their hardness values, improvement of their
tribological properties'>'s and also be used for photocatalytic
and biological applications, sensors, photoelectrochemical
hydrogen generation and solar cells’!"!31°, The formation of
TiO, nanostructures are generated by a series of steps during
the anodizing process. For the first step of formation of
nanostructures on the surface of titanium, an oxidation process
occurs due to the presence of dissolved OH- ions, the titanium
is ionized with a positive charge that attracts these ions and
generates the growth of a layer of negative ions, likewise,
Cl ions are also involved in this process. Subsequently, the
saturation of negative materials leads to a reversal of the charge,
and due to the growth of the non-conductive TiO, layer, the
second stage begins with the dissolution of the negative ions
involved by means of the reaction with the positive H" and/
or H,O" ions, thus generating the formation of possible pores
on the oxidized surface'. In this study, the electrochemical
anodization technique was used to obtain TiO, nanostructures
from HCI as electrolyte solution, varying the voltage and
anodization time, at different concentrations, at 0.15 and
3 M, at room temperature, since there is very little reported
in the literature the analysis of morphology, microstructure
and optical properties of titanium grade 2 anodized with
electrolytes based on chloride ions.
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2. Materials and Methods

Preparation of anodizing

2.1. Preparation of the titanium plate

For electrochemical tests, grade 2 titanium plates
with dimensions of 1 cm x 2 cm and with a thickness of
approximately 0.15 cm were used. Titanium plates were
polished with silicon carbide sandpaper from 100 to 2000.
They were then cleaned in an ultrasonic bath with ethanol
and deionized water for 5 minutes for each solution and air
dried. Also, cathode copper with a thickness of 0.03 cm was
used. Similarly, the cleaning process was carried out with
ethanol and deionized water in an ultrasonic bath.

2.2. Preparation of the electrolytic solution

The electrolyte was prepared using hydrochloric acid
in aqueous solution at different concentrations (0.15 and
3M), based on the literature consulted”'*. Reagents such as
hydrochloric acid and deionized water were Golden Bell
Reagents.

2.3. Generation of the electrolytic cell

With the GOPHERT power supply, model CPS-3205 11,
the titanium was connected to the positive charge (working
electrode) and a copper plate to the negative charge (counter
electrode), both electrodes were partially immersed in the
solution to generate the cell. The titanium anodizing was
performed with 11 and 12V potentials for a concentration
of 3 M since, according to the literature consulted at high
concentrations'?, one should work at low voltages to avoid the
corrosion process. Likewise, for a concentration of 0.15M7,
we worked at 15V, because the electrolyte concentration is
low. To obtain an oxide layer with a nanostructured surface,
the anodizing times were 10 min for a 3M concentration with
11 and 12V, while for a concentration at 0.15M and 15V,
we worked with times of 10, 30 and 60 min.

2.4. Heat treatment

After the electrochemical anodization process, a heat
treatment process of the anodized samples was carried out
in a Yamato muffle at a temperature of 750 °C for 2 h, at
atmospheric pressure and natural cooling. According with
several reports'>1*18 the process of diffusing oxygen over the
surface of the titanium at temperatures above 700 °C results
in the formation of TiO, in the form of rutile. However, with
an anodizing process prior to heat treatment, synthesis by
electrochemical anodizing promotes the formation of anatase'.

2.5. Characterization

2.5.1. Field emission scanning electron microscopy

Morphological analysis of the oxide coating generated on
grade 2 titanium was performed in a JEOL JSM-7600F field
emission scanning electron microscope (FE-SEM). For this
analysis, a secondary electron detector (SE) was used and
with a voltage of 5 KV, the structural changes generated on
the anodized surface were analyzed. Images were obtained at
3000, 10000, 30000 and 50000x magnifications. The different
morphologies were measured with ImageJ software, with a
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total of 10 measurements per image of each modified surface
to obtain the average size of the nanostructures.

2.5.2. X-ray diffraction

The structural studies of the oxide layer were carried out
with a Bruker brand X-ray diffractometer, model D8 Advance,
with a radiation source CuKa = 1.5406 A, with which it was
possible to obtain the crystalline phases and the size of the
crystallite present on the surface of oxidized grade 2 titanium.

2.5.3. Ultraviolet Visible Spectroscopy (UV-Vis)

To investigate the optical properties of the generated oxide
layer, absorbance was measured using a Thermo Scientific
Evolution 600 UV-Vis Spectrophotometer, in the range of
250 to 850 nm. The Band-Gap of the oxide layer was also
obtained for the anodized samples.

2.5.4. Profilometry

A Dektak 150 profilometer was used to obtain the
thicknesses of the unheated and heat-treated anodised samples.
This instrument allows the measurement of film thicknesses
below 100 A and with dimensions up to 5 inches wide and
4 inches thick. For this process, part of the oxide layer
generated was removed using concentrated HF to generate
a step on the surface to obtain the thicknesses.

3. Results and Discussion

3.1. Scanning electron microscopy

An analysis of the morphological changes of the surface
of the anodized titanium was carried out under different
experimental conditions. Figure 1 shows images of grade
2 titanium polished before surfacing at different anodizing
conditions at 3,000 and 10,000x magnifications.

The formation of nanostructures on the surface of anodized
titanium was observed at a concentration of 3M at 11V in
10 min, which can be seen in Figure 2 with magnifications of
30,000 and 50,000 x. It can be seen that the anodized surface
showed a certain degree of homogeneity in the growth of
nanopores, this behavior is similar to that reported in the
literature where they also use HCl as an electrolyte solution'2.,
Subsequently, the dimensions of the nanostructures were
measured using ImageJ software. An average diameter of
the nanopores of approximately 76 + 13 nm was obtained.

In Figure 3, a 3M and 12V concentration in 10 min of
anodizing, the presence of nanostructures was shown in the
form of little rocks, but in smaller quantities. The formation
of nanostructures was not well defined, even though it was
the same electrolytic concentration, the voltage increase did
not promote the porous growth contrasted with less voltage
(11 V). Therefore, the biggest average agglomeration size
was 464 + 29 nm, while the smallest agglomeration size
was around 70 = 10 nm.

In Figure 4, with a 0.15M and 15V concentration in
10 and 30 min of anodization, a nanostructure formation can
be seen over the oxidized surface, within 30 min nanowires
can be seen.

In Figure 5, with a concentration of 0.15M and 15V
in 60 min of anodization, a greater homogeneity surface
on the oxide layer was obtained, yielding to nanoporous
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Figure 1. Images of unoxidized grade 2 titanium surface.

Figure 2. Nanopores over anodized titanium surface with HCI at 11V with a 3M concentration in 10 min.

Figure 3. Nanostructures over the surface of anodized titanium with HCI at 12 V with a concentration of 3M in 10 min.

growth over almost all the anodizing area, despite not using
a great HC1 concentration, the anodizing time was a very
important factor to get a nanostructured surface. The average
nanoporous size was 46.4 =21 nm.

Figure 6 shows the anodized titanium micrographs of 0.15M
with 15V with a 60 min time, which was thermally treated in

a 750 °C annealing process for 2 hours. In Figure 6, it can be
observed that the thermal treatment promoted the generation of
oxide crystals on the modified surface, this behavior is similar
to that reported in the literature, where through the thermal
oxidation process titanium oxide crystals begin to appear
from 600 °C">!1°_ Tt can also be noted that the crystal growth
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Figure 4. Nanostructures over the surface of anodized titanium with HCI at 15V with a concentration of 0.15M in a) 10 min and b) 30
min of anodization.

Figure 6. Nanopores and nanocrystals over the surface of anodized titanium with HCl at 15 V with a concentration of 0.15M in 60 min

with a thermal treatment of 750 °C for 2 h.

generated nanoporous agglomerations formed by anodization
growing under the nanostructures as previously mentioned.
The average grain cluster size was around 380 + 65 nm.

3.2. Structural analysis by X-Ray diffraction

According to the X-ray diffraction analysis, the composition
of the phases of the anodized titanium plates was obtained

before and after the thermal oxidation process, which are
shown in Figures 7 and 8. A qualitative analysis was done
(PDF 00-044-1294, PDF 00-004-0551, PDF 01-071-1166)
to study the present stages on the generated oxide layer.
In Figure 7 the anodized samples without thermal oxidation
showed a surface with very low crystallinity, so it was not
possible to observe the anatase and rutile phases in the coatings.
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Figure 7. X-Ray diffraction patterns on the anodized titanium
surface without thermic treatment.

However, when they were treated at temperatures of 750 °C,
it was possible to visualize the anatase and rutile phases in
the coatings, as can be observed in Figure 8. According to
the literature consulted, when the process of electrochemical
anodization and heat treatment is carried out, it is possible to
obtain the anatase phase?, while, when titanium is subjected
to thermal oxidation at higher temperatures without previously
modifying its surface by any technique synthesis such as
sol-gel or electrochemical anodization, it is only possible to
obtain the rutile phase!->1¢-182!,

The TiO, with rutile form was observed with crystallographic
direction it appeared with the thermal treatment process
of 750 °C for 2 h, the same way as the anatase phase was
shown after a thermal treatment process. We observed that
the anatase phase did not disappear despite it being subjected
to a thermal treatment at a high temperature (750 °C), this is
because some nanopores from the nanostructured surface began
to take the form of a nanotube with very small longitudinal
walls, however, according to the literature we consulted,
the reasons that the anatase phase in the nanotube wall
prevents the phase transition of the rutile crystal structure
are as follows: (i) thermodynamic stability of the titanium
anatase phase in small crystals, (ii) the average superficial
energy of a crystal in the anatase phase is less than that of
a crystal in the rutile phase and (iii) the great restrictions
imposed by the tube walls create the necessary radiuses for
rutile nucleation to be very big?, which corroborates with
the diffractograms in Figure 8.

The crystal size of rutile TiO, with crystallographic
orientation (110) was calculated by the Scherrer formula®,
where changes in the size of the small crystal according
to the changes in anodizing times can be observed.
Table 1 shows the results obtained from the crystal size
values of the adjustments made using the GaussAmp
mathematical model?.

3.3. Analysis by UV-Vis spectrometry

The procedure to calculate the Band Gap of the heat
treated anodized samples consisted from the Tauc-Plot

Figure 8. X-Ray diffraction patterns on the anodized titanium
surface with thermic treatment at 750 °C for 2 h.

Table 1. Size of the small crystal from the rutile peaks with
orientation (110).

Crystallite Size

Concentration Conditions (nm) Rutile (110)
3M 11V,10min 32
12V,10min 35
0.15M 15V,10min 34
15V,30min 39
15V,60min 34

method®*. From the absorbance data, the bandgap energy
was calculated based on Equation 1:

(ahv)=A(hv—Eg)n )

where E_ is the band gap energy, h is Planck’s constant, v is
frequency of vibration, /v is the photon energy, A is a proportionality
constant, a is the absorption coefficient and finally n is 0.5 and
2.0 for a direct and indirect transition respectively, where, for
the analysis of the coatings, a value of n=2 was used to estimate
the Band Gap value in indirect transition. Figure 9a shows the
optical absorbance and Figure 9b presents the plot of (ohv)?
versus the absorbed light energy of the anodized sample at
15V,30 min with heat treatment at 750 °C.

Table 2 shows the Band Gap values obtained, it can
be seen that despite applying an increase in voltage for the
anodized samples at a concentration of 3 M, the variation
in Band Bap was not significant. While for the samples
anodized at 0.15 M with an applied voltage of 15 V with
time variation, no significant changes were observed in the
Band Gap, likewise, there was no correlation of the Band Gap
values with respect to the different anodization conditions.

It has been reported that variations in Band Gap values are
attributed to changes in annealing temperature?’, therefore, this
corroborates that despite obtaining different morphologies in
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Figure 9. a) Absorption spectra from the titanium anodized samples with thermal treatment at 750 °C and b) calculation of the indirect

band gap value by Tauc Plot method.

Table 2. Band Gap Values obtained through absorbance with the
Tauc-Plot method with the thermally treated anodized samples.

Concentration E.lectrochemical anodization Band Gap
with Heat Treatment (750 °C) (eV)
3M 11V, 10min 2.924+0.50%
12V, 10min 2.93 £ 1.40%
0.15M 15V, 10min 291 + 1.60%
15V, 30min 2.90 + 0.60%
15V, 60min 291+ 1.30%

Table 3. Thicknesses of the anodized samples with a thermal
treatment of 750°C obtained with profilometry.

Concentration at 3 mol/L Concentration at 0.15 mol/L

Conditions  Thickness (um) Conditions  Thickness (um)
11V, 10min 6.5 15V, 10min 5.5
12V, 10min 10 15V, 30min 15

15V, 60min 16

titanium oxide coatings under different anodizing conditions
and with a heat treatment temperature at 750 °C, there were
no significant changes in the optical absorption spectra.

3.4. Thickness analysis though profilometry

For thermally treated anodized samples, the profilometry
technique was used®. For this measurement process, it
consisted of removing the oxide layer using concentrated HF
to generate a step to measure the thickness of the coatings®.
Table 3 shows that for the samples anodized at 3M for 10 min,
the increase in voltage influenced the increase in thickness.
Similarly, for the samples anodized at 0.15 M and 15 V, the
variation of the anodization time favored the increase of the
thickness on the titanium surface. Therefore, these changes in
thickness values under the same heat treatment temperature
(750 °C) can be attributed to the voltage or to the anodizing
time. Table 3 shows the values of the obtained thicknesses
with the aforementioned technique.

The highest thickness value was 16 pm in regard to
the time variation, and the highest thickness value was

10 um in regard to concentration variation. In accordance
with reported studies, with the electrochemical anodization
technique used in order to obtain TiO, coating with nanotubes
for biomedical applications, thicknesses from 22 to 34 um
were obtained*.

4. Conclusions

Using aqueous solution HC1 as an electrolyte favors
nanoporous surface formation. In addition, the time and
voltage of anodization promotes nanoporous formation all
over the surface of the material. The heat treatment did not
modify the morphology of the nanostructures despite being
subjected to high oxidation temperatures. It was observed that
at 750 °C it promoted the growth of titanium oxide grains,
which grew under the nanostructures that were previously
obtained by anodizing. Electrochemical anodization favored
the appearance of two crystalline phases, the first being the
rutile phase with orientation (110) and the second being the
anatase phase with orientation (004). It was found that working
with a heat treatment temperature on the TiO, nanostructured
coatings did not present significant variations in the Band Gap
values. Voltage and anodizing time significantly influence
the growth in thickness of the oxide layer in such a way that
it is possible to obtain values of up to 16 pm with thermal
treatment after the anodizing process.
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