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The anodizing process of titanium (Ti) implants and their alloys improves their corrosion resistance and
life service by naturally increasing the thickness of the passive oxide layer formed on the surface. Among
the parameters that affect the properties of the anodized layer, voltage is a significant one due to the kinetic
and thermodynamic processes. In this paper, commercial pure titanium (cp-Ti) coupons with the
dimensions of 20 x10 x 1 mm? were used as the anode in 1 M sulfuric acid solution at different voltages
of 3, 6, and 9 V, current intensity of 3 A, electrolyte temperature of 60 °C, and duration time of 30 s. The
phase composition analysis, morphology, and corrosion behavior of the anodized Ti were examined by
Grazing-Incidence X-Ray Diffraction (GIXRD), Field-Emission Scanning Electron Microscopy (FESEM),
and electrochemical impedance, respectively, in Simulated Body Fluid (SBF) at 37 °C. The results
confirmed the formation of titanium oxide coating with a hexagonal structure. A smoother surface was
obtained upon increasing the voltage up to 6 V. However, the surface became rougher with further voltage
increase up to 9 V. The highest charge transfer resistance (37354 and 58127 ohm.cm™) was achieved at
6 V after 1 and 24 hours of immersion in the SBF solution, representing 84 % and 2440 % increase,
respectively, compared to the cp-Ti sample. The double layer helps prevent the formation of localized
corrosion sites, such as pitting and crevice corrosion, which can be particularly damaging to Ti alloy as an
implant in the human body. Although rising the voltage from 3 to 6 V resulted in a more hydrophobic
surface (as shown by an increase in the contact angle from 63.8° to 74.1°), further voltage increase up to
9 V made the surface more hydrophilic than before.

https://doi.org/10.30501/acp.2023.383589.1116

1. INTRODUCTION

Affected by rapid improvement in the living standards
and progress in the societies in general, human beings
have been more exposed to social pressures imposed by
the spread of different types of diseases limiting human

life expectancy. Microsurgery and use of biological
materials like antibacterial agents and antibiotics are
some of the most effective ways to preserve and extend
human lives [1]. Despite its benefits, it can also be costly
due to the financial burden it puts on the patient’s
insurance services [2]. Biological materials, however,
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can cause mechanical failure, infection, and reactions in
relation to racial immunity. In this regard, there have
been considerable research efforts to improve these
materials in order to continue physiological processes
and vital functions for survival [3]. One of the most
popular metal materials for medical applications is
titanium alloys. Ti-6Al-4V has been widely used in
biomedical applications for a long time. However, it has
been found to have potential toxic effects caused by the
release of vanadium and aluminum ions [4]. This has
encouraged the researchers to focus on commercial pure
titanium (cp-Ti), the best biocompatible metallic material
owing to its surface properties that spontaneously
produce a neutral and stable oxide layer. Several of its
characteristics such as low electron conductivity, stable
thermodynamic state at the body pH values, and low
tendency to take form in aqueous media make it an ideal
choice for medical applications [4]. Additionally, its
surface can be further enhanced through anodizing
processes that results in the formation of a thicker, more
corrosion-resistant layer. Therefore, titanium is a
preferrable choice for medical implants due to its better
biocompatibility and strength [5-7].

Anodizing is one of the surface improvement processes
that can lead to the formation of a thick oxide layer on a
metal substrate. Aluminium, Titanium, Tantalum,
Niobium, Vanadium, Hafnium, and Tungsten are known
as the valve metals since they are quickly covered with a
thin homogenous oxide layer when exposed to oxygen-
rich environments [8-9]. This protective oxide layer helps
slow down the reaction rate on the metal surface;
therefore, these metals are widely used to protect metals
from corrosion [9-10].

Despite extensive studies on the strength and
biocompatibility of titanium implants, few studies have
been conducted to compare the growth of the anodic
oxide on the valve metal surfaces [11-12]. The thickness
of the titanium oxide layer depends on the electrolyte
solution, pH value, applied voltage, current density, and
anodizing time. As a result, these factors can lead to the
formation of thicker and porous oxide layers among
which, voltage is more remarkable than the other
environmental ones since the valence state of the cations
within the passive film is highly dependent on the passive
potential. This valence state can then affect the doping
density, flat band potential and ultimately, corrosion
protection [13]. Moreover, the composition and structure
of the passive film will determine the corrosion
protection, and different compounds and structures can
cause different protective effects. In the anodizing
process, different electrolytes, sulfuric acid [14-16],
phosphoric acid [17-18], and oxalic acid [19-21] are
used. In general, sulfuric acid is the most commonly used
electrolyte solution due to its lower price and high rate of
oxide layer formation [14-16].

Anil Kumar found that the anodic current density
increased upon increasing the applied voltage and

temperature of the electrolyte, and the incremental
change in the anodizing voltage leads to changes in the
deposition rate of the oxide layer as well as the pore
diameter [22], color of the oxide layers, slope between
the applied current density, and anodization time.
However, they did not report the relation between the
porous properties of titanium oxide and voltage of the
anodizing process. In this regard, we conducted a
systematic study of the anodization conditions of cp-Ti
substrate in 1 M sulfuric acid solution at different low
voltages and then investigated the phase, structural and
morphological properties as well as the corrosion
behavior of the samples through electrochemical tests
and electrochemical impedance in Simulated Body Fluid
(SBF) at 37 °C.

2. MATERIALS AND METHODS

The commercial Ti foils (Ti, 99.33 %) with elemental
analyses (Table 1) were annealed according to ASTM
B265-10 and cut into 20x10 mm? pieces that were 2 mm
thick. The pieces were then polished with sandpaper
ranging in grit from 800 to 3,000 and alumina slurry
solution of 0.5 um in diameter. After polishing, the
samples were degreased and ultrasonically rinsed for
10 min in acetone (99.5 %, Merck), ethanol (97 %,
Merck), and deionized water. The cleaned Ti specimens
were then electropolished in a mixture of hydrofluoric
acid (HF, 40 %, Merck) and nitric acid (HNOs3, 65 %,
Merck) (volume ratio = 1:8) for 90-120 s and rinsed with
deionized water and dried in air. All chemicals were used
as received without further purification.

The anodizing process [11,14-16] was then conducted
in an electrochemical two electrode cell containing
200 ml 1 M sulfuric acid (H2SO4, 95-97 %, Merck)
solution at 60 °C for 30 seconds with three different low
voltages (3, 6, and 9 V) at the constant current of 3 A.

The phase, structure, and morphology of the coatings
were determined using Grazing- Incidence X- Ray
Diffraction (GIXRD; Philips PW- 1730 X- ray
diffractometer; Cu Ka, A = 0.154056 nm) and Field-
Emission Scanning Electron Microscopy (FE-SEM,;
MIRA3 TESCAN). The thickness of the coatings was
determined by the FE-SEM cross section. The water
contact angles were measured on the contact angle
goniometer (model 200-00-115, Ramé-Hart Instrument
Co.), and the surface energy was calculated by the DROP
image standard software (harmonic mode) and
Owens—Wendt method [23-24].

The corrosion test was done in a the SBF solution
containing 7.996 g of NaCl, 0.35 g of NaHCO3, 0.224 g
of KCI, 0.228 g of K;HPO4.3H:O, 0.305 g of
MgCl,.6H,0, 40 mL of 1 M HCI, 0.278 g of CaCl,,
0.071 g of Na,SOs, and 6.057 g of (CH,OH)3CNH; at
37 °C while the pH was adjusted at 7.25 with 1 M HCI.
Electrochemical Impedance Spectroscopy (EIS) and
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potentiodynamic polarization tests were carried out on
the  electrochemical ~ workstation  (IviumSTAT,
Netherlands). The corrosion characteristics were
evaluated in a cell composed of the anodized sample as a
working, Ag/AgCl as a reference, and platinum mesh as
an auxiliary electrode in 250 ml SBF. The surface area
was about 1 cm?. The EIS was performed from 107 to
10° Hz by applying 10 mV as the amplitude and
frequency of 20 mHz in the sweeping mode. To
investigate the corrosion mechanism of the coatings, the
impedance tests were done at 1 and 24 h, and the
corroded surfaces of the anodized samples after 24 h were
investigated by the FE-SEM image.

TABLE 1. The Elemental analysis of cp-Ti determined by
optical emission spectrometer

Element Ti C N H 0] Fe

(wt. %) 99.33 0.08 003 0.01 025 0.30

3. RESULTS AND DISCUSSION

The anodizing process improves the microstructural
properties, shape, and corrosion resistance of titanium
oxide by thickening the natural titanium oxide layer on
its surface. The anodizing voltage of the process has a
huge impact on the oxidation reaction in terms of speed,
shape, and microstructure of titanium oxide. In this
paper, the anodizing process was carried out using 3, 6,
and 9 volts on the cp-Ti substrate.

Figure 1 shows the GIXRD curve of the anodized
sample. According to the standard card Titanium oxide,
the main peaks at different angles from the anatase TiO>
(JCPDS 01-072-1807) are 39.39°, 37.93°, and 34.95°
related to the crystal plates (-1-12), (004), and (110),
respectively, and the 53.01°, 63°, 70.7°, and 76.2° related
to the (222), (213), (322), and (231), respectively,
appeared from the Ti substrate (JCPDS 21-1272). These
peaks are indicative of the hexagonal crystal structure of
titanium oxide [6,11].

Upon increasing the voltage from 3 volts to 9 volts, the
FE-SEM images of the anodized titanium samples at 3, 6,
and 9 (Figure 2) show an improvement in the uniformity and
homogeneity of the anodized cp-Ti. However, according to
the literature [9,11,22], increasing the anodizing voltage at a
high value would increase the deposition rate of the oxide
layer or thickness as well as the pore diameter.

The surface wettability, which is related to the surface
energy of a body, is one of the surface characteristics that
affects its biological capabilities. Generally, hydrophilic
surfaces improve the adhesion, proliferation, cell
division, and bone mineralization [11,22]. The results of
water contact angle measurements are summarized in
Table 2. as observed, the lower the water contact angle,
the higher the wettability.

According to the literature, hydrophilicity increased by
increasing the surface roughness; however, the surface
could become either superhydrophilic or super-
hydrophobic when it was very smooth. The obtained
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Figure 1. GIXRD curve of anodized titanium sample at low
voltages such as 3, 6, and 9 volts at an incidence angle 1°
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Figure 2. FE-SEM image of anodized titanium at different low
voltages, a) 3 volts, b) 6 volts, and c) 9 volts

TABLE 2. Water contact angle of cp- Ti substrate and anodized
cp-Ti at low voltages 3, 6, and 9 V

Specimen Contact angle (Degree)
cp-Ti 103.7
Anodized cp-Tiat 3V 63.8
Anodized cp-Tiat 6 V 74.1
Anodized cp-Tiat 9V 57.2

results showed that anodizing the titanium substrate
would increase its hydrophilicity by creating titanium
oxide on the surface and increasing its surface roughness
(confirmed by FE-SEM images in Figure 2). Increasing
the voltage from 3 to 6 volts increased the contact angle
from 63.8° to 74.1°, thus making the surface more
hydrophobic. However, increasing the voltage from 6 to
9 volts increased the hydrophilicity of the surface, and
water droplets spread rapidly on the surface under the
capillary effect [11,25].

According to the bode and bode-phase plots, applying
the anodizing voltage of 6 V resulted in a more capacitive
behavior at higher frequencies than that at other voltages,
and the diffusion of water from surface defects of
anodized cp-Ti sample at 3 and 9 V caused resistance
behavior at a high frequency. In addition, the presence of
two-time constants in the bode-phase curve is indicative
of the presence of oxide layers and obstacles in the path
of electrons between the SBF solution and titanium
substrate as well as the formation of a double layer at
their interface. However, upon increasing the immersion
time (Figure 3a), As a result of the penetration of water
ions into the anodizing oxide layer and presence of
soluble ions on the layer, especially for 6 V sample, a
decrease in the corrosion resistance was observed with a
reduction in the phase angle at high frequencies. The
existence of a wide time constant for 3 and 6 V confirms
the formation of homogeneous and uniform corrosion

products on the anodized cp-Ti sample at 24 h in the SBF
solution compared to other samples (Figure 3c). This
corrosion behavior at low voltages can be attributed to
the formation of the corrosion products on the anodized
surface, compared to the non-anodized sample [6-7], as
well as the homogeneity, uniformity, and defect-free
corrosion of the products on the surface of the anodized
samples at low voltages of 3 and 6 V, all more than those
at9 V.

In order to accurately evaluate the corrosion behavior,
electrochemical systems were simulated as an electrical
circuit containing a resistor and a capacitor. This circuit
is related to the capacity of the dual layer which has two
plates with an arrangement of opposite charges, and the
resistance of this layer is referred to as the dual layer
resistance or charge transfer resistance. Double layer
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Figure 3. Bode and bode-phase plots of cp-Ti alloy, and

anodized cp-Ti at low voltage, 3 V, 6 V, and 9 V, at two
immersion times a-b) 1 h and c-d) 24 h

refers to the electrochemical structure that develops at the
interface between a metal surface and an electrolyte
solution. The double layer consists of two layers of
charge, known as the Helmholtz and diffuse layers. The
Helmholtz layer is a compact layer of adsorbed ions and
water molecules that are directly attached to the metal
surface while the diffuse layer is a less ordered layer of
ions that surround the Helmholtz layer. The performance
of the double layer on the corrosion behavior of anodized
titanium is an important factor to consider. The double
layer formed at the interface between the anodized
titanium surface and electrolyte plays a crucial role in the
corrosion behavior of the material. The protective oxide
layer formed during anodization acts as a barrier to limit
the access of the corrosive species to the underlying metal
surface while the double layer helps repel the charged
species that could cause corrosion [6-7]. The proposed
equivalent circuit is demonstrated in Figure 4 for the
cp-Ti and anodized cp-Ti at low voltages of 3, 6, and 9
volts, and the results are shown in Table 3. Rct is
associated with the charge transfer resistance of the dual
layer, and CPEdI to the dual layer capacitance.

Rs CPEanod
VAV >>
Cdl
a—
Ranod
Rct

Figure 4. Equivalent circuit of cp-Ti substrate and anodized cp-
Ti specimens at low voltages of 3, 6, and 9 volts

The charge transfer resistance (Ret; ©.cm?) and n of the
cp-Ti substrate and anodized cp-Ti specimen at 3, 6, and
9 volts after an hour in the SBF solution (Table 3) show

the higher resistance along with the enhanced
homogeneity and uniformity of the coating surface while
increasing n for the anodized cp-Ti specimens at 6 V,
compared to the other voltages. Generally, anodizing
causes an increase in the heterogeneity and roughness,
which was clear for the anodized samples at 3 and 9 V,
thus leading to a decrease in the corrosion resistance due
to the increased surface imperfections and intensity of the
local corrosion reactions, compared to 6 V. Results of
Table 3 denoted that prolonging the immersion time from
1 to 24 hours intensifies the corrosion reactions and
enhances the charge transfer resistance between the SBF
solution and sample surface. In fact, the anodization
process results in the formation of a porous oxide layer
on the titanium surface, which increases the surface area
and facilitates the formation of a more robust double
layer. The thickness and properties of the oxide layer can
be controlled by adjusting the anodization parameters
such as the voltage, current density, and electrolyte
composition. Studies have shown that compared to the
non-anodized titanium surface, the anodized titanium
surface with a well-formed double layer exhibited
significantly improved corrosion resistance.

TABLE 3. Parameters obtained from the equivalent circuit of
cp-Ti substrate and anodized cp-Ti specimens at low voltages
of 3, 6, and 9 volts

Time

. CPEqy, Rt -
peErhl;Jd Sample (UF.cm.sm) (Q.Cmd) ng; Chi-squared

Ti alloy 59.91 20235 0 0.00189

1 TiA3 71.17 36179 0 0.00335
TiA6 9.839 37354 0 0.01135
TiA9 69.28 4127 0 0.00142
Tialloy 2523.27 2287 0.65 0.00195

24 TiA3 24.79 20995 0.86 0.00454

TiA6 34.62 58127 0.81 0.00668
TiA9 1586.42 6391 0.85 0.00546

In summary, the significant increase in the surface
heterogeneity (n) of the cp-Ti sample and anodized cp-Ti
samples at low voltage of 6 V, compared to 3 and 9 V,
after 24 hours that was confirmed by FE-SEM images
(Figure 5) obtained from the EIS study at 24 hours in the
SBF solution. The double layer helps prevent the
formation of localized corrosion sites such as pitting and
crevice corrosion, which can be particularly damaging to
titanium. Overall, the performance of the double layer
and its effect on the corrosion behavior of the anodized
titanium is of significance while maintaining the
material's  corrosion  resistance  properties. The
anodization process can be used to form a protective
oxide layer on the titanium surface, which enhances the
double layer and improves the corrosion resistance of the
material [6-7,9-10].
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Figure 5. FE-SEM images of anodized cp-Ti at low voltage, a-b) 3 V, c-d) 6 V, and e-f) 9 V after 24 h of immersion in SBF solution

4. CONCLUSION

The studies on the effect of low anodizing voltage on
the corrosion behavior of cp-Ti specimens revealed that
6 volts could be an optimal voltage for titanium oxide
formation with hexagonal structure that also ensured
higher corrosion resistance than that of other anodized
samples at 3 and 9 volts. Upon further increasing the
voltage above 6 volts, both surface imperfections and
roughness were enhanced that led to the intensity of local
reactions due to the penetration of water and corrosive
ions, thus resulting in the reduced corrosion resistance of
the anodized sample at 9 V. Of note, the double layer
prevented the formation of localized corrosion sites, such
as pitting and crevice corrosion, which can be
particularly damaging to titanium alloy as an implant in
the human body. Further, increasing the voltage from 3
to 6 V increased the contact angle from 63.8° to 74.1°,
indicating more hydrophobicity. However, rising voltage
from 6 to 9 V caused an increase in the hydrophilicity
properties.
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