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Abstract. In the presented work, the formation of anodic oxide film on Ti-6Al-4V ELI (Extra Low
Interstitial) alloy in 0.02 M trisodium phosphate (Na3P0O.) electrolyte solution using various
voltages were investigated. The color produced by the anodizing, the intensity of TiO2 content, the
thickness of the oxide layer, and the corrosion rate were examined. It was obtained that the color
appearance of Ti-6Al-4V ELI could be changed easily by altering the applied voltages. The higher the
voltage applied in the anodizing process, the thicker the titanium oxide layer formed. The corrosion
resistance analysis in a Simulated Body Fluid revealed that the non-anodized specimen showed a
higher corrosion rate compared to the anodized specimen. The increase of oxide layer thickness
leads to a significant decrease in corrosion rate and consequently increases the corrosion resistance.
In addition, the anodized sample achieved the highest corrosion resistance at 15 V.
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1. Introduction

A bone implant is a medical device used to strengthen the existing bone structure or
supports an injured bone structure. In this case, approximately 90% of implants in
Indonesia imports. Therefore, given the rising demand for implants, the development of
bone implantsis a crucial debate issue. Based on the biomedical viewpoint, implant stability
and the osseointegration process, which has the potential for rehabilitation, are the most
important internal factors in the implantation of medical devices. Therefore, it is essential
to create bone implants that have high-quality and effective when placed within the body
(Dewi et al., 2020; Genisa et al.,, 2020; Izmin et al., 2020). Orthopedic implants are now
made from various materials, including polymers, ceramics, metals, and composites. The
majority of metals are bio tolerant, although titanium and its alloys have a bioinert nature
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under specific circumstances (Koju, Niraula and Fotovvati, 2022).

Titanium Ti-6Al-4V ELI is a commonly used implant material in the medical field due
to its mechanical and corrosion resistance properties (Szymczyk-Ziotkowska et al., 2022;
Jaafaretal., 2020; Atmani et al., 2018; Karambakhsh et al., 2011). This corrosion resistance
property emerges due to the formation of a natural oxide layer, which mainly contains TiO2
on the titanium surface when it contacts the air (Lestari et al,, 2020). In addition, the Ti-6Al-
4V ELI alloy material is the most commonly used material for implants in orthopedics
(Kashyap, Rashid, and Khanna, 2022; Swain et al.,, 2021; Szymczyk-Ziotkowska et al., 2021;
Gabor et al.,, 2020; Kiel-Jamrozik et al., 2015). Furthermore, to its advantages, this material
has several weaknesses, including the thin natural oxide layer on titanium causing implant
wornness, low bone bonding capacity, and incapability to prevent metal ions exposure due
to implant degradation. Besides, titanium alloys also have poor osseointegration in long-
term implantation (Lestari et al., 2020).

Implant surface modification is necessary to obtain good implant properties and
performance for the body. This surface modification is important to increase surface energy
by providing surface roughness and chemical composition. This will increase tissue
adhesion and implant integration as well as reduce bacterial reactions and inflammatory
responses in the body (Rani and Jatolia, 2018). In this case, one of the methods that can be
employed to improve implant performance is an anodizing method. Anodizing method is
metal oxidation carried out in certain electrolytes by producing an electric field at the
metal/electrolyte interface (Izmir and Ercan, 2019). This method is the easiest method to
modify the thickness, composition, and morphology of the metal oxide layer. Moreover, the
anodization process is used to restrict the infiltration process (Kiel-Jamrozik et al., 2015).
A thin oxide layer grows on the implant’s surface during this process. Properties of the layer
depend on the electrolyte, production method, oxidation time, and electric parameters of
the process (Kiel-Jamrozik et al., 2015; Szewczenko et al., 2015; Ziebowicz, Ziebowicz and
Baczkowski, 2015; Al-Mobarak and Al-Swayih, 2014; Indira, Mudali and Rajendran, 2013;
Fadl-allah, Quahtany and El-Shenawy, 2013; Bhola et al, 2011; Szewczenko et al., 2010;
Narayanan and Seshadri, 2007; Nagy et al., 2005; Van-Gils et al., 2004; Roessler et al., 2002).

According to prior research, some inorganic ions, such as molybdate and metavanadate,
can passivate titanium in solutions of sulfuric and hydrochloric acids (Mogoda, Ahmad, and
Badawy, 2004). Anodizing has also been performed in phosphoric acid solutions under
different conditions to improve the corrosion resistance of Ti-6Al-4V alloy in the simulated
physiological environment such as (Karambakhsh, Afshar, and Malekinejad, 2012)
conducted anodizing on the Ti-6Al-4V alloy in phosphoric acid electrolyte and evaluated its
corrosion resistance in 3 different solutions (Ringer's solution, artificial saliva solution, and
a mixture of Ringer's solution + H202). The research further resulted that the higher the
voltages, the higher the corrosion resistance obtained due to the passivity produced by the
anodizing process. Furthermore, Martinez, Flamini, and Saidman (2022) studied the impact
of inhibitor anions on the alloy corroded in Ringer solution. In this case, galvanostatic
anodization of Ti-6Al-4V alloy with inorganic inhibitors such as NazMo0Q4, NaH2PO4, and
NH4VOs3 solutions produced colorful thin oxide layers. Their findings demonstrated that,
regardless of the solution employed, compact, amorphous oxides free of pores or fractures
may be produced. The alloy anodized in NazMoO4 solution had the lowest corrosion current
density. In addition, no signs of corrosion or fractures were seen (Martinez, Flamini and
Saidman, 2022).

(Tamilselvi, Raman and Rajendran, 2006) also evaluated the corrosion of Ti-6Al-4V ELI
alloy using the electrochemical impedance spectroscopy method in a Simulated Body Fluid
(SBF) solution. This solution was used to simulate the physiological conditions in the body.
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In addition, to develop the color chart of the Ti-6Al-4V alloy, anodizing was also carried out
in trisodium phosphate electrolyte (Wadhwani et al., 2018).

Research concerning the anodizing process of Ti-6Al-4V alloy has been numerously
conducted; however, it is only limited to the use of corrosion resistance test solution,
causing its inability to simulate the body's physiological condition. Therefore, the current
research used SBF solution. The effect of various voltage on the implant color visual, the
mass of the oxide layer formed, oxide film thickness, and implant corrosion resistance were
investigated in this study. Moreover, the correlation between film thickness and its
corrosion resistance was also elucidated. In addition, the trisodium phosphate electrolyte
solution was chosen because it provides better corrosion resistance compared to the acidic
electrolyte solution (Karambakhsh et al., 2015).

2. Materials and Methods

2.1. Materials

The main material used in this research was Ti-6Al-4V ELI metals act as an anode that
would be layered by TiO2 using an anodizing method. An aluminum foil sheet was also used
as a cathode. The electrolyte used was 2 g of trisodium phosphate dodecahydrate
purchased from Merck, which initially dissolved in 1000 mL aquadest. Titanium wire 28
AWG 0.3 mm and alligator clip were also employed as the supporter of both Ti-6Al-4V ELI
metal and aluminum foil during the anodizing process. The electrical power source was
obtained from DC Power Supply WANPTEK of NPS 1203W 120V /3A type. In addition, a SBF
solution was used as an electrolyte during the potentiodynamic polarization analysis to
investigate the corrosion rate of anodized Ti-6Al-4V ELI metal material.

2.2. Methods

Anodizing method was done in NazPO4 (base solution) electrolyte solution. In this case,
the Ti-6Al-4V specimen obtained pre-treatment to make the implant surface shiny so that
the anodizing color produced can be seen clearly. This pre-treatment process used Ti-6Al-
4V ELI metals, previously polished using langsol or green stone to obtain a mirror-like
surface. The solution used for anodizing was Trisodium Phosphate solution with a
concentration of 0.02 M of 250 mL volume. The cathode was aluminum foil, and the anode
was the Ti-6Al-4V specimens. Anodizing process was performed within 30 s for each
sample, the variable parameter being the anodizing voltage. Anodizing was performed in
the 15-75 V voltage range, and with the steps of 15 V. The schematic apparatus for an
anodizing process is shown in Figure 1.
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(D) Sealing tank [(H) Power

Figure 1 Anodizing experiment setup

2.2.1. XRD Analysis
XRD was used to identify the titanium oxide crystal component formed after anodizing.
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2.2.2. Spectrophotometry Analysis

Spectrophotometry Analysis was carried out to determine the quantitative parameters
of the specimen surface color (Konica Minolta CM-5 spectrophotometer). In order to
measure the color difference of each specimen, this tool would obtain data values of L*, a*,
and b*, where chromaticity was obtained using the CIELAB color space method based by
using Equation (1)

Chromaticity = Va? + b2 (1)
The wavelength formed from each color can be obtained through the visible light
spectrum. The refractive index value was calculated using Equation (2) to determine the

thickness of the oxide layer formed.
2.441x107 Amax

n, = 5,193 + = (2)

A2max—0.803x107 ’ 4n,
Where,

t = Oxide layer thickness (nm)

A = Maximum wavelength (nm)

no = Refractive index film
2.2.3. Potentiodynamic Polarization Analysis

This analysis was done to investigate the corrosion behavior of the titanium specimen

without and after anodizing. Potentiodynamic polarization involved the CorrTest tool
equipped with CS Studio 5 software. This tool series consists of three electrodes; those are:
the referral electrode (SCE, Saturated Calomel Electrode), the working electrode (titanium
specimen), and the assistant electrode (Graphite). In addition, an SBF solution at a pH of 7.4
was employed to investigate the titanium corrosion behavior (Tamilselvi, Raman and
Rajendran, 2006). In this case, the pH of human blood was in the range of 7.35-7.45 (Bakr
etal, 2021). The following table further lists the composition of the SBF solution.

Table 1 SBF Solution Composition

No Reagent Composition (g/L)
1. NaCl 8.00
2. KCI 0.40
3. CaClz 0.18
4. NaHCOs 0.35
5. NazHP04.2H20 0.48
6. MgCl2.6H20 0.10
7. KH2PO4 0.06
8. MgS04.7H20 0.10
9. Glucose 1.00

3. Results

3.1. Analysis of Anodizing Results in Trisodium Phosphate Electrolyte
3.1.1. Effect of Voltage on the Implant Color Visual

During the anodizing process, each voltage results in a different color. This interference
color is caused by stoichiometric defects in oxide layer composition or wave interference
on the crystal layer (Kahar et al, 2020). Based on the anodizing process, it was obtained
that goldish brown, dark blue, light blue, yellow, and goldish yellow colors were produced
from a voltage of 15, 30, 45, 60, and 75 V, respectively, shown in Figure 2.
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Figure 2 Anodized Ti-6Al-4V at 15, 30, 45, 60, and 75 Volts (from left to right)

3.1.2. Effect of Voltage on the Mass of Oxide Layer Formed
Based on Faraday’s Law I, the mass formed on the anode after the anodizing process
can be obtained using Equation (3)

eit
~ 96500 (3)

As data comparison, in addition to using a theoretical equation, data collection was also
conducted by weighing the titanium specimen mass, both before and after the anodizing
process, to investigate the mass of the oxide layer formed after the anodizing process.
Figure 3 indicates the addition of mass in each anodizing voltage variety based on Faraday’s
Law [ equation. In this case, there was an increase in titanium oxide mass from 15 V voltage
to 75 V voltage. Such results are in accordance with the previous literature that the higher
the voltage for the anodizing process, the thicker the titanium oxide layer formed
(Wadhwani et al., 2018). This is in line with Amass obtained from the experimental method
using an analytical scale that mass addition resulting from 15 V to 75 V voltage shows an
increasing trend. Hence, based on the comparison between these data, the higher voltage
given during anodizing process, the thicker the oxide layer formed on the titanium
specimen.

Based on the theoretical calculation conducted, the Amass addition anomaly occurred
at 45 V to 60 V, indicating the most significant increase compared to the other voltages. In
this case, the Amass increase occurred was more than 100% from 45 to 60 V. This occurred
due to the current formed during the anodizing process. Furthermore, it was known that
from 45 V to 60 V the increased current was quite high from 0.090 A to 0.48 A. This current
increase occurred due to the instability of electrode distance during the anodizing process,
where the closer the distance of the electrode, the higher the current (Alphanoda, 2016).
Furthermore, Figure 3 shows the difference in mass formed (AMass) obtained from both
theoretical and experimental calculations.
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Figure 3 Effect of Voltage on TiO2 Mass Formed
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3.2. Analysis of XRD

The peak of 20 angle measurement indicates the presence of TiOz (Titanium Oxide)
based on ICDD standards, which are at 35°, 38°, 400, 530, 58¢°, 640, 67°, 71°, 75°, 77°, 78°, 82°,
and 88e (International Centre for Diffraction Data, 2022). Figure 4 further shows that the
three titanium specimens resulting from the anodizing results (15, 45, and 75 Volt) have
different intensities of titanium oxide content at a certain peak. This difference indicates
that the peak of 53° and 71° at 75 V provided the highest TiO:2 intensity percentage
compared to 15 and 45 V. This test also further showed that the highest anodizing results
in terms of TiO2 among the voltage of 15, 45, and 75 V was obtained at 75 V. Based on this
difference, the higher the voltage provided in anodizing process, the more oxide content
produced (added oxide layer thickness) (Izmir and Ercan, 2019; Napoli et al., 2018). Based
on this explanation, anodizing at a voltage of above 75 V produce higher TiO: intensity as
well.
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Figure 4 XRD Analysis spectrum of Ti-6Al-4V specimen (a) Titanium Oxide Reference of
ICDD Standard No. 98-009-9784 and XRD Analysis spectrum after Anodizing Process at (b)
75 Volt, (c) 45 Volt, (d) 15 Volt

3.3. Analysis of Spectrophotometry Results

This analysis aimed to measure the color parameter and difference in each specimen.
Thus, qualitative and quantitative data can be obtained. This method was carried out using
a spectrophotometer tool, where the color score can be obtained using CIELAB (standard
colorimetric space) (Napoli et al, 2018). Based on the test that has been done, the color
parameter data obtained were L*, a*, dan b*. Furthermore, based on the value of L*, a*, dan
b*, the chromatic score can be determined by substituting the a and b values into Equation

(1).

Table 2 L*, a*, b* Parameter and Chromaticity

No Variable L* a* b* Chromaticity
1. 15 Volt 46.75 -0.47 -0.44 0.207
2. 30 Volt 49.25 -0.36 -7.51 28.264
3. 45 Volt 49.61 -1.03 -3.83 7.864
4, 60 Volt 50.67 -1.67 -2.04 3.475
5. 75 Volt 64.47 5.40 9.65 61.141

Table 2 above shows that the highest lightness was obtained at a voltage of 75 Volt,
which produced goldish yellow. This lightness parameter would be further used to know
the brightness level of the color. Meanwhile, a high chromatic score was obtained at a
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voltage of 30 V by 28.264 and at 75 V by 61.141. In this case, chromaticity is defined as the
quality of light characterized by a dominant wavelength. Based on this description, L*, a*,
and b* parameters on CIELAB color space were used to investigate color quality produced
by the anodizing process, which has no correlation with the oxide layer thickness produced.

3.3.1. Effect of Voltage on Oxide Film Thickness

The thickness of the oxide layer was determined using the calculation of the
interference colors method approach. This method can measure the thickness of the oxide
layer by determining the light spectrum wavelength with the resulting anodizing color.
Furthermore, the wavelength was determined using a visible spectrum chart. After the
wavelength was obtained, the refractive index value was also obtained. This refractive index
value would further determine the thickness of the oxide layer. In this case, the thickness
of the titanium oxide layer and refractive index from the wavelength value was obtained
using Equation (2), as presented in Table 3. Based on Table 3 indicates that the higher the
voltage, the longer the wavelength obtained. The Refractive index was inversely
proportional to the thickness of the oxide layer. The lower the refractive index value, the
greater the oxide layer thickness

Table 3 Film Thickness of Titanium Oxide (TiOz)

No Voltage Wavelength (nm)  Refractive index (no) Thickness of Oxide Layer (nm)
1. 15V 380 1.448 65.596

2. 30V 469 1.438 81.543

3. 45V 535 1.429 93.626

4. 60V 583 1.421 102.580

5. 75V 608 1.416 107.307

Table 3 shows that the oxide layer thickness is directly related to anodizing voltage. As
shown above, the thickness of the oxide layer increased by increasing voltage from 15-75
V. In this case, the highest oxide layer was obtained at 75 V by 107.307 nm, while the lowest
was at 15 V by 65.596 nm. This is in accordance with the report by (Karambakhsh et al,
2011) that the addition of voltage in the anodizing process produces an increase in the
oxide layer, which leads to an increase in mass produced. This difference further provides
different interference color visuals as well, according to the voltage variety. The increase in
TiOz film thickness was caused by the greater the applied voltage, so the greater the current
delivered. This causes more TiO2 to be deposited at the Ti-6Al-4V anode.

3.4. Effect of Voltage on Implant Corrosion Resistance

Table 4 shows lcorr (A/cm?2 Ecorr (Volt) value and corrosion rate, indicating the
potentiodynamic test results in each specimen, both before and after anodizing process.
Table 4 shows that the non-anodized titanium specimen had the highest corrosion rate
compared to the anodized titanium specimen by 0.092707 mmpy. In addition, the lowest
corrosion rate was reached at 15 V by 0.0033486 mmpy. Based on the potentiodynamic
test, a significant corrosion rate decrease occurred between non-anodized and anodized
specimens at 15 V by 96%. This occurred due to the oxide layer thickness effect. The oxide
layer on the non-anodized specimen was only 2-5 nm. However, the anodized specimen at
15 V obtained an oxide layer of 65.596 nm. The increase of oxide layer thickness by 92%
(60.595 nm) caused a significant decrease in corrosion rate. Corrosion resistance increases
(corrosion rate decreases) as the increase of layer thickness (Saraswati et al., 2020).
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Table 4 Corrosion Resistance of non-anodized and anodized specimens

No Variable Ecorr Leorr Corrosion Rate
(Volts) (Amps/cm?) (mmpy)
1 Non-anodized -1.31E-01 1.21E-06 9.27E-02
2 15V 1.97E-03 4.38E-08 3.35E-03
3 30V -1.76E-02 4.46E-08 3.42E-03
4 45V -6.61E-02 1.04E-07 7.94E-03
5 60V 1.83E-01 1.13E-07 8.68E-03
6 75V 1.87E-01 1.25E-07 9.56E-03

Based on the potentiodynamic analysis obtained, the Tafel curve is shown in Figure 5.
From this Tafel curve, it can be seen the effect of Ecorr and Icorr on the corrosion rate. The
higher the I corr, the higher the corrosion rate. It was also found that the higher the voltage
or the current, the greater the corrosion rate, according to Equation 4.

CR=K1xIcorr/px EW (4)

where

CR = corrosion rate (mm/yr) for icorr (LA/cm?)

K1 =0.1288 (mpy.g/A.cm?)

Icorr = exchange current density

p = density (g/cm?3)

EW  =equivalent weight

The corrosion rate is directly proportional to its Icorr. Even though anodizing may
reduce the corrosion rate when compared to without anodizing, there still be a percentage
increase in corrosion rate as the anodizing voltage increases.
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Figure 5 Tafel Curve in Each Voltage Variety (a) 15V, (b) 30V, (c¢) 45V, (d) 60V, (e) 75V, and
(f) non-anodized specimen
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Table 5 shows that the effect of voltage on corrosion rate was not quite significant,
where there was an increased corrosion rate by 2% at 15V to 30V, 9% at 45 V to 60 V, and
10% 60 V to 75 V. This indicates that voltage in a fixed anodizing time variable was not
quite significant in affecting the corrosion rate, where the corrosion rate tends to be
constant at 15-30 V and at 45-75 V. However, an anomaly occurred in the corrosion rate
increase from 30V to 45V by 57%. Based on the testing on the anodized titanium specimen,
there was an insignificant increase in corrosion rate in each voltage variable. This occurred
because TiO2 layer thickness had not yet been complete during the anodizing process at 45-
75V in 30 seconds because the higher the voltage, the higher the current given. When the
current provided during the anodizing process is higher, the time spent on the anodizing
process also increases. In this case, the anodizing process is considered complete when the
current value (A-COARSE) on the power supply shows a decrease approaching zero. In
addition, this increase can also cause higher porosity than the surface layer as the voltage
increases, hence increasing the corrosion rate (Karambakhsh et al., 2011).

Table 5 Layer Thickness and Corrosion Rate for anodized and non-anodized Ti-6Al-4V
specimen

Thickness

No  Variable of Layer (nm) At CR (mmpy) ACR

1 Non-anodized 2-5 - 9.27E-02 -

2 15V 65.596 60.596 3.35E-03 8.94E-02
3 30V 81.543 15.947 3.42E-03 6.80E-05
4 45V 93.626 12.083 7.94E-03 4.52E-03
5 60V 102.580 8.954 8.68E-03 7.36E-04
6 75V 107.307 4,727 9.56E-03 8.81E-04

4. Conclusions

The anodizing process using NasPOs electrolyte solution produces different colors in
various voltages by the interference color phenomenon. Based on spectrophotometry
analysis revealed that a high chromatic score was obtained at a voltage of 75 V. From the
refractive index indicates that the higher the voltage, the longer the wavelength obtained.
Higher voltage in the anodizing process produces an increase in the oxide layer, which leads
to an increase in mass produced. Moreover, based on the potentiodynamic analysis obtained
that increasing the voltage or the current result in a higher corrosion rate. The XRD analysis
indicates the presence of TiO2 based on the ICDD standard in all voltages employed.
Increasing the anodizing voltage increased the oxide film thickness, consequently increasing
the TiO2 content in the specimen. Furthermore, the corrosion resistance analysis in a
Simulated Body Fluid revealed the non-anodized specimen showed a higher corrosion rate
compared to the anodized specimen. The increase of oxide layer thickness leads to a
significant decrease in corrosion rate and consequently increases the corrosion resistance.
Therefore, in future work, the anodized implant of Ti-6Al-4V ELI in this work will be further
evaluated by comparing it with other electrolytes such as hydroxide, organic acid, sulfuric
acid, and friendly inorganic salt electrolytes in various concentrations.
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