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Abstract

In this work, alternating current (AC) voltage (V,¢) is applied to Ti-6Al-4V alloy in aqueous oxalic acid dihydrate solution to
grow passive oxide films. The oxide layers are formed with V, values in the range of 10-80 V. The resulting surface oxide
layers have estimated thicknesses in the 100-500 nm range and are expected to have a two-layer structure consisting
of a porous outer layer and a compact inner layer. The AC anodization process is demonstrated to have a slight effect on
the surface roughness. Porous regions are observed on the films formed at lower and high AC voltages (i.e., V- 10-30
and 80V). The corrosion behavior in Ringer’s solution over 48 h of exposure is studied with electrochemical impedance
spectroscopy. The AC anodized samples have higher impedance values than the untreated alloy by more than an order
of magnitude. The oxides formed at V,- =40 — 70V exhibit optimal resistance to corrosion as demonstrated by the overall
impedance values, the polarization resistance values, and the capacitive behavior.

Keywords AC anodization - Ti-6AI-4V alloy - Oxide film - Corrosion

1 Introduction

Titanium alloys (Ti-alloys) are important in several tech-
nological applications [1]. They present hexagonal close
packed (alpha phase) and body-centered cubic (beta
phase) structures, which culminates in improved mechani-
cal strength, formability and machinability [2, 3]. The excel-
lent combination of mechanical resistance, low density,
corrosion resistance (at relatively low temperatures), weld-
ability, low instance of allergic reaction, and good biocom-
patibility make Titanium-based alloys excellent materials
for applications in several areas such as aeronautical, auto-
motive, marine, military, chemical, orthopedic, and dental
[4-8]. The Ti-6Al-4V alloy belongs to the a+f3 class and
exhibits high strength, toughness, and excellent fatigue
performance [9, 10]. Due to these and other advantageous

properties, Ti-6Al-4V is the most used alloy; it is used 60%
more when compared to other Ti-alloys [1, 11]. Ti-6Al-4V
stands out for its applicability as an orthopedic material
when compared to stainless steel, cobalt alloys, and other
metals, due to its low specific weight, biocompatibility,
and better corrosion resistance [7, 12, 13]. Ti-6Al-4V, in
general, has excellent corrosion resistance due to the for-
mation of a superficial stable oxide film [14, 15]. However,
in orthopedic applications, the corrosion behavior of Ti-
alloys is not ideal because it can lead to the formation of
rough, thick, and porous surface oxide films that contrib-
ute to chronic inflammation in the peri-implant tissues
[16]. This happens because the human body provides an
environment where problematic corrosion can occur due
to the presence of proteins and oxygenated species [17,
18]. The wear/corrosion degradation of Ti-alloys can result
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in the release of debris and metal ions, cause hypersen-
sitivity, cell damage, and tissue toxicity/carcinogenicity
[19]. The metal ions released from Ti-6Al-4V can induce
cytotoxicity due to elements like Al and V. Degradation of
Ti-6Al-4V may occur due to interfacial contact with the
corrosive biological environment, and mechanical wear
(i.e. tribocorrosion) [20]. These factors limit the successful
application of Ti-alloys and improvement is needed.

Anodization is a process used to thicken the native sur-
face oxide on certain metals that are widely performed to
improve the biological, chemical, and mechanical prop-
erties for engineering applications [12, 21, 22]. Titanium
and Ti-alloys are often anodized with the aim of improving
their biocompatibility and corrosion resistance. Traditional
anodization involves passing direct current through the
electrolytic cell with the subject of the process acting as
the anode. Over the years, other processes using alternat-
ing current (AC) voltage have been applied to realize the
same objective of creating a protective surface oxide. AC
anodization of titanium and its alloys produces surface
oxides layers with thicknesses that depends on the applied
potential and duration of the anodization process [23-25].
Increase of the applied potential results in increasing oxide
layer thickness [26]. The AC anodized implanted material
is intended to be more biocompatible and corrosion-
resistant due to the stable surface finishing. The goal is to
reduce the need for surgical procedures to exchange failed
or degraded implants [27-29]. One important strategy is
to use protective coatings with low corrosion activity in
the aggressive biological environment. Orthopedic and
dental biomaterials must resist degradation in the pres-
ence of bacterial plaque, saliva, and other physiological
fluids, movement of the body, etc., all of which can lead
to material degradation.

Significant work exists to understand the corrosion
behavior of Ti-6Al-4V alloys under simulated biological
conditions by studying the corrosion in different electro-
lytes. Hsu et al. [20], studied the corrosion behavior of the
Ti-6Al-4V alloy in urine, serum, and joint fluid (synovial
fluid) using electrochemical techniques in a study that
provides fundamental information on the biocorrosion
of the untreated material (i.e. without coating or induced
oxide formation).

In 1996, Jerkiewicz et al. [30] produced colored films
on titanium electrodes and verified the formation of a
passive oxide layer. They reported the formation of pro-
tective films by using NH,BF, solution as the electrolyte
and applying AC voltages. The films presented a variety of
colors that depend on the magnitude of the applied volt-
age. The color was attributed to an optical phenomenon
called iridescence and is directly related to the thickness of
the oxide layer. The relationship between the passive layer
color and the thickness has been demonstrated for both
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titanium and zirconium [30-32]. Uniform and homogene-
ous oxide films were studied with the variation of param-
eters such as applied voltage, polarization time, pH, and
electrolyte concentration [25, 33]. The authors also dem-
onstrated that the color of the passive films on titanium
can be switched reversibly by increasing or decreasing the
AC voltage due to the simultaneous formation and dissolu-
tion of the oxide during the anodization process [31]. This
makes the oxide formation process even more tunable and
easy to control.

In this work, we propose a new strategy to grow the
surface oxide on Ti-6Al-4V by applying AC voltages in the
presence of aqueous oxalic acid dihydrate solution to pro-
vide a suitable surface for use in biomedical applications.
Our method is different than that of Jerkiewicz et al. [31]
in the choice of electrolyte solution: oxalic acid solution is
used instead of aqueous NH,BF,. Oxalic acid (C,H,0,) is a
relatively strong organic acid commonly used in organic
chemistry as a reducing agent [34]. It is considered harmful
if swallowed or in direct contact with skin as it may cause
skin burns and eye damage [35]. However, the toxicity is
not of great concern since oxalic acid is poorly absorbed
with a bioavailability of 2-5% [36]. Therefore, a subsequent
study may be conducted to investigate the overall safety
of aluminum alloys subjected to AC anodization in oxalic
acid solution. Oxalic acid electrolyte is proposed to avoid
the issue of fluoride toxicity for the tissue that is in contact
with the surface of the treated metal. Surface analysis of
AC anodized titanium with ammonium tetrafluoroborate
(NH,BF,) revealed that the oxide film contained Fluorine
in the atomic percentage of 4-5% for the outer layer of the
oxide film and 12-17% for the inner oxide layer [30]. Inor-
ganic fluorides are generally highly corrosive and toxic; the
effects resulting from exposure to fluorine compounds are
due to the formation of hydrogen fluoride [37]. Therefore,
we propose that AC anodization of the Ti-6AI-4V alloy in
oxalic acid is a less dangerous procedure to obtain bio-
compatible surfaces.

2 Experimental
2.1 Preparation of the Ti-6AI-4V alloy

The composition of the commercial Ti-6Al-4V titanium
alloy (Titanews Industria e Comércio de Titanio LTDA, Bra-
zil) used in this work is listed in Table 1. All samples were
machined into a disk-shape with a diameter of 12 mm
and 4 mm of thickness. The surfaces of the samples were
sanded by using SiC papers with different grades (from
120 up to 2000 grit), followed by polishing with several
colloidal silica solutions (size of 9, 5, 1, 0.3, and 0.05 um, in
this order) with 10 wt% hydrogen peroxide. The polishing
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Table 1 The chemicall Ti Al v Fe c N H
composition of the Ti-6Al-4V
alloy in weight percent Balance 6.1 39 0.2 0.01 0.02 0.012

process was performed to get a smooth surface with low
roughness and is comparable to the preparations car-
ried out in similar studies [20, 38]. The samples were then
cleaned using an ultrasonic bath for 10 min in the follow-
ing solvents: acetone, 2-Propanol, and deionized water (in
order) followed by drying with hot filtered air.

2.2 Formation of the surface oxide films
on Ti-6Al-4V via AC anodization

The oxide films were produced in a 10 wt% aqueous
solution of oxalic acid dihydrate (Merck KGaA, = 99%)
through the application of alternating current (AC) volt-
ages (V) for 10 s at T=298+2 K in the voltage range of
Vac=10-80V (V,=10, 20, 30, 40, 50, 60, 70, or 80 V). A
variable AC power source (JNG® Variac equipment model
TDGC2-3) was used to apply the AC voltage and the AC
potential was monitored by using a multimeter. During the
oxide formation process, the Ti-6Al-4V alloy samples were
placed in the solution at a distance of 10 cm from a sec-
ond electrode, which was another disk-shaped Ti-6Al-4V
electrode with the same size. The frequency of the AC volt-
ages was 60 Hz in all cases. The AC anodized substrates
were cleaned in an ultrasonic bath with deionized water
for 10 min and dried with hot filtered air.

2.3 Optical and microscopic analysis
of the electroformed oxide films

The optical images were acquired using a digital camera
model Canon EOS Rebel T6. Scanning electron microscopy
(SEM) coupled to energy-dispersive X-ray spectroscopy
(SEM-EDS) was carried out with a Zeiss microscope model
LEO 440, operating at 5 kV using a Si(Li) detector from Pen-
taflet. The images were acquired with the secondary elec-
tron detector at the pressure of 1 Pa.To obtain cross-section
images of the AC anodized samples were cold embedded
in epoxy resin and sanded laterally. The samples were pol-
ished with alumina up to 0.05 um and then etched with
5% hydrofluoric acid/30% nitric acid for 1 min. Then the
samples were abundantly washed with deionized water
and kept immersed in isopropyl alcohol until microscopic
analysis was performed. The acid attack was done to remove
the thin native oxide film that is formed after polishing the
samples. The atomic force microscopy (AFM) was performed
in a Nanosurf equipment model flexAFM and a controller

C3000 in contact mode, which investigated the presence of
heterogeneities on the surfaces of the electrodes.

2.4 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) measure-
ments of the electrodes were accomplished with a Metrohm
Autolab potentiostat/galvanostat equipment (model
PGSTAT30) equipped with a frequency response analyzer
(FRA 2 module). The AC anodized samples were used as
working electrodes. The reference electrode was a KCl satu-
rated Ag/AgCl positioned close to the working electrode
surface using a Luggin capillary. The counter electrode was
a platinum sheet with a contact area of 4 cm?. The electrodes
were exposed to Ringer’s solution (purchased from Baxter
hospitalar LTDA). Each 100 mL of Ringer’s solution has the
following contents: 800 mg of sodium chloride, 310 mg of
sodium lactate, 30 mg of potassium chloride, and 20 mg
of hydrated calcium chloride. Ringer’s solution has a pH of
approximately 6.5. The use of Ringer’s solution as the test
medium for the corrosion study is important because it sim-
ulates the human body fluid. EIS measurements were per-
formed on all AC anodized electrodes to obtain information
about the stability of the oxide films from 6 to 48 h of expo-
sure in Ringer’s solution. To compare the effect of the protec-
tion afforded by the passive oxide films, impedance meas-
urements were also performed with the untreated Ti-6Al-4V
alloy. The EIS measurements were acquired by applying a
frequency range from 10° to 10~' Hz and an amplitude per-
turbation signal of £ 10 mV from the open circuit potential
(OCP) value. The OCP was monitored for 6 h before the EIS
measurement, a stable potential was reached and main-
tained throughout the EIS experiments. The EIS data was
modeled by an equivalent electrical circuit model (using the
ZView Software) based on the physical-chemical properties
of the system. In this work, the applied equivalent circuit was
similar to the suggested by Yazdi et al. [39] in which they
used Ti-6Al-4V alloy to study the behavior of the oxygen
diffusion on the modified alloy-surface. The equivalent cir-
cuit used to represent the impedance measurements of the
untreated substrate (hamed 0 V) was the Randel’s model.
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3 Results and discussion
3.1 Optical images of the electroformed oxide films

The oxide films were successfully formed on Ti-6Al-4V
alloy with different applied AC voltages. Digital optical
images of the electrodes were obtained with visible light
as showed in Fig. 1. Therefore, the color of each electrode
is the real color obtained for each V,  value. Figure 1
shows that different colored surfaces were obtained as
the applied voltage increased. The polished Ti-6Al-4V
alloy displays a brilliant metallic finish. It is commonly
accepted that light interference between the interfaces
of the oxide film is responsible for the observed colors [40].
The coloration depends on the applied AC voltage value
and originates from constructive light interference, due
to the phenomenon that is known as iridescence [30, 32].

3.2 SEMimages and EDS analysis of the oxide films

SEM images of the passive oxide films formed on the
Ti-6Al-4V alloy are displayed in Fig. 2. Figure 2a, ¢, and
e show the surface of three oxide layers (formed with
Vac=30, 50, and 70 V). These images show some inho-
mogeneity, including some dark and light regions.
Figure 2b, d, and f show the surface of the same three
passive layers at higher magnification for a better obser-
vation of the black and white features. Figure 2 b shows
some scratches on the anodized electrode at V=30V
which is a result of the sample pretreatment: polishing
with SiC paper. The scratches are less prevalent for the
layer formed at V=50V, and not observable for the
layer formed at V=70V, Fig. 2d, f, respectively. The
thickness of the oxide layer is expected to increase with

Untreated 10V 20V 30V 40V

oo

50V 60V 70V 80V

Fig. 1 Oxide films produced on the Ti-6Al-4V alloy in the pres-
ence of oxalic acid through the application of several AC voltages
between V,=10 - 80V for 10 s at T=298 K. The untreated sample
corresponds to the Ti-6Al-4V alloy without electrochemical treat-
ment
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increasing AC voltage and the thicker oxide layers have
diminished the appearance of the scratches through
modification of the surface. During the oxide formation
process, there is a simultaneous dissolution of the sur-
face material which has likely evened out the scratches
[31]. The oxide films produced at V,-=30 and 70 V
exhibited micropores as indicated by arrows in Fig. 2b,
f. No pores were observed in the sample anodized at
Vac=50V, Fig. 2d.

Energy-dispersive X-ray spectroscopy analysis of the AC
anodized surfaces was used to understand it's composi-
tion. In Fig. 3 the EDS spectra are presented for the sample
treated with V,=50V.The regions analyzed are shown in
Fig. 2d (points 1 and 2, indicated by arrows). The spectrum
in Fig. 3a originates from point 1 (light region), the spec-
trum of Fig. 3b originates from point 2 (dark region). The
dark regions, indicated by point 2, correspond to the pres-
ence of oxalic acid residue resulting from the film forma-
tion process. The black regions were dominant on the sam-
ples with passive films formed at V=30V compared with
Vac=50V and V=70 V. Light regions are attributed to
the oxide film formed during the AC anodization process.

Table 2 summarizes the atomic percentage of the com-
ponents acquired in two regions of the sample’s surface.
The dark regions observed in Fig. 2 are associated with
oxalic acid residue and contain a detectable amount of
carbon. The EDS spectrum for the light region shows
that the oxide film is composed mainly of titanium oxide,
but also contains a detectable amount of aluminum and
vanadium.

Figure 4 presents SEM images of cross-sections for
Ti—6Al-4V alloy subjected to AC anodization with V=10,
30, and 60 V. These cross-sections enable the observation
of the material’s microstructure from the surface to a depth
of a few hundred micrometers. Based on the literature [30],
the AC anodization process is expected to form a surface
oxide with thickness in the 100-500 nm range (depending
on the applied AC potential). Therefore, this oxide layer
cannot be observed on the scale of these images. For
each of the samples, we observe a difference in the micro-
structure towards the top (treated) surface of the sam-
ple. There appears to be an additional thick layer within
each of the samples, with the thickness increases with
applied AC potential (i.e.~30 pum for V,=10V; ~80 pm for
Vac=30V;~250 um for V=60 V). This structure does not
appear to be a normal metal grain boundary because of its
linear alignment in parallel to the samples’surface. To gain
greater insight, EDS mapping of oxygen was performed on
this structure for the V=30V sample (see Fig. 4d) and it
was demonstrated that this thick layer contains a higher
concentration of oxygen, compared with the material at
greater depth. We speculate that the AC anodization pro-
cess allows for the migration of oxygen to the bulk of the
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Fig.2 SEM images of the Ti-6Al-4V alloy surfaces after the application of AC voltages a, b V=30V, ¢, d V,=50V, and e, f V,=70V, each

for 10satT=298 K

alloy. However, we do not have sufficient information to
further qualify this structure.

3.3 The roughness of the electrodes

Atomic force microscopy images were acquired on some
of the oxidized surfaces to analyze surface morphol-
ogy and roughness. These properties are important
because they influence the biocompatibility and corro-
sion behavior of the materials. The AFM images for sam-
ples treated with V=30, 50, 70, and 80 V are displayed
in Fig. 5. These images reveal that the samples each have

different morphology. The average surface roughness
(R,) values as determined by AFM are listed in Table 3.
The surface of the sample treated with V=30V showed
a R,=1.96+0.02 nm, which is slightly higher than the
untreated, polished Ti-6Al-4V alloy (R,=1.76 +0.03 nm).
The surface formed at V=50 V (Fig. 5b) presented
a roughness value of R,=2.73+0.05 nm but showed
roughness maxima heights between 10 and 30 nm, in
which there is a more homogenous surface appearance.
Although the qualitative visual aspect of the surface
obtained at V.- =50V presents fewer heterogeneities than
Vac=30V, the presence of few points where the heights
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Fig.3 EDS spectra the sample treated with V=50 V. The regions analyzed are shown in Fig. 2 d (points 1 and 2, indicated by arrows); a cor-
responds to the light regions (dominant regions) and b corresponds to the dark regions

Table2 Elemental appear between 70 and 80 nm influences dramatically

Element  Atomic (%)

composition of the anodized ———  onthe average surface roughness. The surface obtained

titanium alloy surface. The Point1  Point2 with V=70V (Fig. 5¢) displays numerous high points that

EDS correspond to the clear . .

and dark regions indicated 0 38.29 21.98 were probably produced during the growth mechanism of

in Fig. 2d as point 1 and 2, Al 4.70 239 the oxide film; the R, value for this sample is 3.4+ 0.06 nm.

respectively Ti 54.88 35.23 In a similar study, small hemispherical particles were
v 213 1.26 observed to be incorporated into oxide films formed with
C _ 39.13 AC anodization on Ti using NH,BF, electrolyte. The authors

Fig.4 Cross-section images for the samples subjected to AC anodization witha V=10V, b V,-=30V,and ¢V, =60V for 10s at T=298 K. d
SEM image of the electrode V=30V with a selected area for EDS elemental analysis mapping of oxygen
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Fig.5 AFM images of samples subjected to the application of AC voltages a V=30V, b V=50V, ¢ V=70V, and V,=80V for 10 s at

T=298 K. For each image the area scanned was 3 mm?

Table 3 Average surface roughness (R,) of the untreated and ano-
dized substrates

Applied AC voltage Average surface

roughness, R,

(nm)
Untreated 1.76+0.03
30 Vie 1.96+0.02
50 Ve 2.73+0.05
70 Ve 3.4+0.06
80 V¢ 4.84+0.08

concluded that these particles do not alter the structure of
the protective surface oxide layer surrounding the parti-
cles [30]. Finally, the surface of the V, =80V sample elec-
trode has R,=4.84+0.08 nm. These AFM measurements
demonstrate that the surface roughness of the electrodes
increases slightly with an increase in the magnitude of the
AC applied voltages. Previous studies have demonstrated
the R, values are either not systematically affected by the
AC anodization process [41], or that the R, values decrease
after AC anodization [32], and that there is no consistent

trend related to the magnitude of the applied V- [32, 41].
This is contrary to our findings. It is worth noting that these
studies investigated rougher surfaces to begin with (Ti
pretreated with micro-sandblasting and chemical etching)
and that the measurements were done stylus profilometry,
which is a less sensitive technique. The R, values reported
herein are on the order of a few nanometers which are
within the experimental uncertainty of the profilometry
measurements. Considering our AFM measurements
and the profilometry measurement of previous studies,
we conclude that the formation of the oxide films with
the applied AC voltages is accomplished without drastic
modification of the existing surface morphology. This is a
desirable characteristic of this method, as the morphol-
ogy of the surface may be first tuned using an appropri-
ate pretreatment method before the AC anodization step.
Rough surfaces have been proven to facilitate cell adhe-
sion and osseointegration of an implant [42, 43], but may
also give rise to increased metal ion release. The optimal
surface roughness for a biocompatible material depends
highly on the application and tunability of this parameter
isimportant.
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3.4 Electrochemical impedance spectroscopy
results

The EIS measurements were acquired to evaluate the
stability of the oxide films on Ti-6Al-4V alloy for 48 h of
immersion in the corrosive Ringer’s solution. Bode modu-
lus and Bode phase angle plots are presented in Figs. 6
and 7, respectively. In these plots, we show the impedance
behavior of electroformed oxide films at exposure times of
6,12, 24, and 48 h. In each plot, the result from untreated
Ti-6Al-4V alloy is plotted for references and denoted 0V
in the legend.

The total impedance values of all electrodes prepared
in this study were higher than similar types of protection
described in related studies [38, 39, 44]. Table 4 sum-
marizes the modulus of impedance acquired at low fre-
quencies (1072-107" Hz) for comparative studies in the
literature. The comparison focuses on the low-frequency
part of the EIS data because slow corrosion processes
relating to charge and mass transfer at the oxide layers
are probed at low frequency. Table 4 demonstrates that
the films produced by AC anodizing using oxalic acid

10°
7]

10 6h ° 20V

10° e

10°4

— 10*4

—~~
N

Qcm

T 10%
1024
10’

10" 10° 10" 10° 10* 10* 10°
Frequency (Hz)

10" 10° 10" 10° 10° 10* 10°
Frequency (Hz)

show an increase in corrosion resistance by more than
an order of magnitude when compared to other recent
studies [38, 39, 44].

All electrodes offered very stable impedance values
over the exposure period, which means that the oxide
film has minimal anodic dissolution reaction. The elec-
trodes obtained from the applied voltages between
Vac=40 — 70 V showed better stability than the elec-
trodes obtained from higher or lower AC anodization
voltages. The most stable surface was obtained at
Vac=50V; this sample also showed superior polariza-
tion resistance at 48 h of exposure. The electrodes with
protective passive oxides presented superior imped-
ance values by more than an order of magnitude when
compared to the untreated substrate (denoted 0 V). The
Bode phase angle plots presented in Fig. 7 display curves
in which samples produced between V,-=40 and 70 V
exhibit phase angle nearer to 90° at intermediate fre-
quencies. This behavior indicates that these electrodes
have superior capacitive behavior associated with the
passive film when compared to the other electrodes.
According to literature, the phase angles close to — 90°

10® ) 5
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NE 10 v 40V
(&) 50 V
a 10°4 < 60V
z ., > 70V
— 107+ * 80V
N s —— Fitting
107+
104 T el
10’

10" 10> 10" 10*® 10° 10* 10°
Frequency (Hz)

10°
107_ (d) n (1)OVV
48 h e 20V
T L A6 oot 30V
NE 107 v 40V
o 50V
o 10° < B0V
z ., > 70V
— 1074 e 80V
— 3 — Fitting|
10°+
10%+
10 : . |

10" 10° 10" 10* 10° 10* 10°
Frequency (Hz)

Fig. 6 Bode modulus plots of the electrodes after 6, 12, 24 and 48 h of exposure in Ringer’s solution. The full red lines correspond to the

applied fitting with the equivalent circuit shown in Fig. 8
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Fig. 7 Bode phase angle plots 100 100
of the electrodes after 6, 12, (a) (b)
24 and 48 h of exposure in 804 80
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lines correspond to the applied ~ <
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Table 4 Comparison of impedance values (|Z]) at low frequencies
obtained in different studies and their corresponding corrosive
medium

Impedance Corrosive medium References
(Qcm?) at
1072-107" Hz
~5.0%10° Phosphate buffered saline solu-  [38]
tion
~15%x10° Phosphate buffered saline solu-  [39]
tion
~3.0x10° Ringer’s solution [44]
~5.0x10° Ringer’s solution Current work

are typical of a near capacitive behavior corresponding
to the improved corrosion resistance of compact and
uniform passive films [38, 45, 46].

The EIS data was fitted by an equivalent circuit [39] that
was used to represent the components of a physical sys-
tem. All fittings resulted in low XZ values (on the order
of 1073 or lower) and errors were inferior to 4% for each
fitted parameter. In the case of the untreated alloy, the
equivalent circuit corresponds to the simplest Randel’s
circuit (Fig. 8a) that includes a solution resistance (R,), a
double-layer capacitor (CPE;) and a polarization resist-
ance (R,). The untreated electrodes were used immedi-
ately after polishing and cleaning as described previously
in the experimental section. Thus, the surface is covered
with a thin native oxide that forms spontaneously on valve

Frequency (Hz)

Fig. 8 Equivalent circuit used to fit the EIS data for the a untreated
and b anodized samples in oxalic acid solution

metals [47]. Our choice of this equivalent circuit is based
the observation that only one-time constant is evident in
the EIS data for the untreated sample. Schneider et al. [48]
offer a similar observation and interpretation in their study
on pure titanium. For the AC anodized electrodes, the
applied equivalent circuit (Fig. 8b) contains the following
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elements: an R, representing the solution resistance, a
constant phase element (CPE,) representing the outer-
passive layer of the oxide film, a constant phase element
(CPE,) associated to the inner-passive layer of the oxide
film, the resistance of the outer-passive oxide layer (R, ).
and the resistance of the inner-passive layer (R;,). Accord-
ing to the literature [30, 39, 47, 49-51], the passive oxide
films produced on Ti-based alloys are composed of two
superimposed oxide layers. The first oxide layer, located
on the top-surface (outer-passive layer) is porous and the

Table 5 Impedance parameters obtained from fitted EIS data

second oxide layer (inner-passive layer) exhibits a dense
barrier-like structure.

Table 5 summarizes the fitted EIS data which indicates
that the electrodes produced between V,-=40-70V pre-
sent the highest R, values, which are the sum of the R,
and R;, resistances and correspond to the total corrosion
resistance of the electrodes surface, Fig. 9¢. In the case
of untreated Ti-6AI-4V, the R, value is associated with
the total corrosion resistance of the polished alloy with
its native oxide layer. The Bode modulus curves display

Vac (V) Exposuretime R (Qcm?) CPE,/Y, N, Ro(MQem?)  CPE, /Y, n, R,MQm? R,(MQcm?) x’
(s" 1077 (s" 1077
Q'em™?) Q'em™)

0 79.5 169.3 089 - - - - 1.46 9x 107
10 6h 78 0.17 093 4.79x1073 0.23 070 15 15 3x107
20 93 7.75 095 1.58x1072 0.16 075 95 96 1x107°
30 67 4.40 0.97 5.98x1072 7.91 068 773 77.4 1x107°
40 60 2.72 0.97 1.64 1.72 059 1228 124.4 1x107*
50 96 2.31 0.98 3.56 1.21 0.67 131.0 134.6 1x107*
60 151 1.92 098 239 1.31 0.64 707 73.1 8x107°
70 86 1.67 097 176 1.32 072 208 22.6 1x107*
80 90 1.54 097 0.29 482 051 134 13.7 4x107*
0 81.5 168.9 089 - - - - 1.49 4%x107*
10 12h 57 0.18 093 4.86x1073 0.24 069 15 15 3x107
20 91 7.71 095 1.58x1072 0.16 0.75 10.0 10.0 1x107°
30 67 3.91 097 545x1072 8.74 061 67.0 67.0 1x107°
40 57 2.80 097 149 1.75 0.65 815 83.0 9x107°
50 98 2.27 098 2.11 1.07 0.62 109.5 111.6 4x107
60 143 1.94 098 1.83 1.22 061 528 54.6 4x107
70 83 1.73 097 155 1.57 0.68 27.0 28.5 1x10™
80 88 1.47 097 5.72x107? 5.54 044 17.7 17.8 8x 107
0 78.1 164.4 0.89 1.52 9x107™
10 24h 33 0.18 093 5.19x%107 0.24 070 14 14 3%x107°
20 92 7.68 095 1.53x107? 0.16 0.75 10.7 10.7 9x10°
30 69 4.42 097 5.74x107? 8.03 0.68 658 65.9 9x10°
40 61 2.78 097 139 1.57 0.55 68.1 69.5 6x107°
50 98 2.26 098 148 1.02 0.60 98.0 99.5 3%x107°
60 146 1.96 097 207 1.15 059 712 733 5%x107°
70 87 1.70 097 1.15 1.58 0.63 327 33.8 8x 107
80 90 1.44 0.97 8.26x1072 5.29 047 142 14.3 3%x107°
0 78 164.9 089 - - - - 1.9 2x10™
10 48h 45 0.18 094 478x107 0.23 071 13 13 3%x107°
20 91 7.70 0.95 1.46x 1072 0.13 077 9.7 9.7 1x107
30 68 449 097 543x107? 7.64 070 8.7 8.8 1x107
40 59 2.75 0.97 1.01 1.65 0.56 934 94.4 7%x107°
50 94 2.03 0.99 1.02 1.18 0.59 109.2 110.2 3%x107°
60 143 1.90 098 1.7 1.12 060 776 78.8 7%x107°
70 83 1.67 097 6.78x 107 1.37 057 738 74.5 2x107
80 85 1.52 0.97 9.99x 1072 429 053 116 11.7 5%x107°
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Fig.9 EIS data results acquired equivalent circuit modelling of the
electrodes exposed to Ringer’s solution up to 48 h: a Resistance of
the outer-passive oxide layer (R,,), b resistance of the inner-pas-
sive oxide layer (R;,), and polarization resistance (Ry). The values in
the x-axis correspond to applied AC voltages used to form the sur-
face oxides

similar behavior for all treated samples, which indicates
that there are similar processes are occurring. By looking
at Table 5, there is a relatively low resistance of the outer-
passive layer (R, and higher resistance in the inner-pas-
sive layer (R;,) of the passive film. The lower resistance of
the outer-passive layer has been attributed to the pres-
ence of pores which saturate with Ringer’s solution dur-
ing prolonged exposure. The inner layer is characterized
by the presence of a dense, compact oxide layer, as it has
been reported in the literature [39, 49]. When looking at
the R, values, Fig. 9a, it was verified that the resistance of
the outer-passive layer decreases with the exposure time.
Therefore, the changes in the R, values can be associ-
ated with solution uptake by the pores present in the outer
layer of the oxide film.

The general trend of the R;, values is displayed in
Fig. 9b. Note that the R;, is highest for the electrodes pre-
pared at AC potentials of 40-70 V. This may be related to
the fact that the films obtained at lower AC potentials (i.e.
lower than 40 V) are thin and because the films obtained
at the highest AC potentials (i.e. greater than 70 V) begin
to develop defects such as the pores as observed in the
AFM images. At applied AC voltages around 60 V,- and
higher heating occurs near the edges of the sample and
at the electrical contact, this introduces inhomogeneity
and break down of the oxide in some regions [41]. The
values of CPE, are a little larger than CPE,; this is due to
the first constant phase element being associated with
a porous structure where the water uptake takes place,
which culminates in increased capacitance values [52]. On
the other hand, the decreased values of the CPE,, with n,
between 0.5 and 0.8, is attributed to the thicker oxide layer.
The Bode phase angle curves indicate that there are two
time-constant domains which aligns with the proposed
two-layer structure of the oxide. One of the time-constants
appears with maximum phase angles between 102 and
103 Hz, and the second time-constant occurs with maxi-
mum phase angles between 0.1 and 1 Hz. The untreated
samples exhibit just one time-constant as we can see from
the phase angles curves, Fig. 7.

The AC anodization process has been applied to obtain
stable, protective oxide layers on the surface of Ti and Ti-
alloys. For an indication of the thickness of these layers,
we largely rely on the literature. The relationship between
applied AC voltage, oxide thickness, and the color of the
resulting surface was studied in detail for Ti by the Jerk-
iewicz research group [25, 30-32, 41, 53, 54]. Based on
the similarities of our method and the comparable colors
obtained (see Fig. 1), we conclude that the oxide layers
are in the 100-500 nm range, with increasing thickness as
the AC applied voltage increases. It is possible to estimate
the thickness of the layer from capacitance values derived
from the EIS data, as described for untreated Ti in several
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studies [47, 50]. Based on our equivalent circuit model, we
may derive pseudocapacitance values from the CPE, (inner
layer) only, because it is in parallel with a resistor. Using
the pseudocapacitance values for CPE, the thickness of
the inner oxide layers formed with V,-=30, 50, and 70 V
are approximately 150, 250, and 360 nm, respectively. We
caution that these values must be considered only as esti-
mates with unknown experimental uncertainty as there
are several concerns for the application of this method,
including:

1. Determination of the thickness based on capacitance
values loses some significance when pores are present
[47];

2. The thickness calculation requires the dielectric con-
stant of the material: we have used the standard value
for TiO, whereas the oxide material of this study incor-
porates Al and V; and

3. We cannot estimate the thickness of the outer oxide
layer from the EIS data of this study.

We believe that the color of the obtained surface is a
more valid indicator of the oxide thickness. We may com-
pare our sample from V,-=30V (light blue, Fig. 1) with the
“sky-blue”Ti oxide formed at V=26V in NH,BF, with the
thickness of the oxide precisely measured to be 295+9 nm
[301].

Although the thickness of the films is expected to
increase linearly with an increase in the applied AC poten-
tials, it is not possible to establish a direct relationship
between the increase of thickness and the improvement
of the corrosion protection. This is because the oxide films
obtained from V=70V start to form defects that weaken
their structure, decreasing the corrosion protection.
Besides, the surface roughness for the samples obtained
at V,c=70 and 80V are higher than the others, this also
contributes to slightly poorer corrosion behavior.

4 Conclusions

Oxide films were successfully formed by AC anodization
of Ti-6Al-4V alloy in an aqueous oxalic acid solution. The
resulting materials exhibited various colors. The colors are
indicative of the thickness of the oxide layers formed on
the surface, and are comparable to the colors of similarly-
treated Ti and Zr materials. The surface morphology and
roughness are only slightly affected by the AC anodiza-
tion technique presented herein. We conclude that this
method can be applied to materials after an appropriate
surface pretreatment is used to get the desired surface
roughness and microstructure as AC anodization does not
greatly alter the surface structure.

SN Applied Sciences

A SPRINGER NATURE journal

The stability of the materials towards corrosion in Ring-
er’s solution was evaluated with EIS during a 48-h expo-
sure study. The EIS results align with the model where the
oxide films have two distinct layers. The outer-layer being
less resistant to corrosive attack due to the presence of
pores, and the inner-layer being a dense and compact
oxide. The presence of pores in the outer oxide layer was
expected based on the literature, and was confirmed by
SEM imaging. The EIS data corroborates this observation
through the R,,; values which decrease with increasing
exposure time.

The thickness of the oxide films is expected to increase
as the applied AC potential increases. Generally, a thicker
barrier oxide provides greater corrosion protection. The
results herein demonstrate that the oxide films produced
by applying AC voltages between V,-=40 - 70 V exhibit
optimal resistance to corrosion as demonstrated by the
overall impedance values, the polarization resistance
values, and the capacitive behavior. These intermediate
applied voltages produce films that are expected to be
in the 100-500 nm thickness range and relatively free of
defects introduced by localized heating and charge build-
up during the AC anodization process.

All results described in this work indicate that the oxide
films on Ti-6Al-4V demonstrate high resistance to corro-
sion in Ringer’s solution. The method used is simple, tun-
able, and reproducible. Therefore, AC anodization in the
presence of oxalic acid should be a good option for the
surface finishing of Ti-6Al-4V when intended for biomedi-
cal applications. To improve the fit towards this applica-
tion, a reliable way to eliminate remnants of oxalic acid
from the surface without causing damage to the protec-
tive film may be needed.
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