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A B S T R A C T

This work aims to evaluate the corrosion and biocompatibility properties of oxide films generated on Ti6Al4V 
alloys using both traditional and novel methods. Oxide films were generated by anodization and plasma treat
ment to achieve a blue surface finish. The oxide films were then characterized and compared to a native film 
formed on the Ti6Al4V.

Electrochemical tests, incorporating potentiodynamic tests and electrochemical impedance spectroscopy, were 
employed to define the electrochemical resistance of oxides in an environment simulating biological exposure. In 
vitro tests were conducted to study ion release and biocompatible properties over a 6-week period of exposure to 
a 0.9 wt% NaCl solution, at body temperature. Various spectroscopic techniques, including ToF-SIMS, XRD, and 
Raman analysis, were used to study the structure and chemistry of the oxide films. The sub-surface layer was 
analysed by microstructural investigation.

The type of oxidation was found to have a key influence on the oxide composition, especially with respect to 
the depth distribution of the individual alloy elements through the oxide film. The oxidation process determines 
which of the alloying elements are released into the environment, as a result of the corrosion reactions.

1. Introduction

Titanium and its alloys have been successfully used in medicine for 
decades, fulfilling a variety of applications, including to replace and 
stabilize bones and for dental implants and vascular stents [1–3]. In 
addition to their use in the medical sector, components made from ti
tanium and its alloys are indispensable in aerospace as well as many 
other industries [4,5]. Due to the rapid formation of a passive film when 
the material comes into contact with any environment that contains 
even a little oxygen, it exhibits low degradation [6]. This also results in 
high biocompatibility, which is important for medical applications. The 
main issues with respect to the biocompatibility of titanium alloys relate 
to corrosion and surface reactions, interactions with proteins and cells, 
surface modification and healing in bone [1,2]. Ti6Al4V is a dual phase 
Ti-alloy consisting of α and β phases. Depending on its thermomechan
ical history, the microstructure, mechanical properties and also corro
sion resistance of the material can vary [7]. Al and V, which respectively 
act as the α- and β-stabilizers in the microstructure, participate in the 

composition of a passive film, but their oxides are not as stable as tita
nium oxide and are released at higher content under contact with a 
reactive environment [7,8]. The release and accumulation of Al, V, and 
Ti particles in adjacent tissue could cause health problems, including 
allergic reactions and carcinogenic or neurological disorders [3,9,10]. 
Several surface treatments have been studied to reduce the occurrence of 
such issues, with the aim of optimizing surface topography, roughness 
and chemical composition. Over the past three decades, at least as much 
attention has been given to investigating surface treatments for titanium 
and its alloys as to the optimization of the chemical composition of these 
materials to achieve the mechanical and corrosion properties desired 
[11,12]. The most well-known/ studied treatment is electrochemical 
oxidation, also known as anodization. This process involves the appli
cation of different potentials, ranging from ten to several hundred volts, 
to promote the growth of an oxide film, which can vary in thickness from 
10 nm to more than 100 nm, at which depth nanotubes are developed 
[13–16]. Highly reactive plasma is well-known as an effective surface 
cleaning agent, the action of which breaks most organic bonds and 
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reduces the contact angle (i.e. increases wettability), but it could also be 
used to oxidize highly reactive metals such as titanium [17–21].

Since the oxide film on titanium alloys represents a barrier between 
the metal and the environment, it is very important for it to be as stable 
as possible. Thin titanium dioxide films (TiO2) can form naturally on the 
surface of titanium alloys as oxides of a few nm thick (e.g. a passive 
film), or can be formed artificially by the processes mentioned above and 
other oxidizing methods [12], leading to oxides ranging in thickness 
from a few nanometers to several hundred [9]. The crystalline oxide 
forms most commonly observed on titanium alloys are rutile and 
anatase, both of which exhibit a tetragonal crystal structure; rarely, 
other forms (e.g. brookite) are also seen. Rutile (α-TiO2), which has a 
denser, more closely-packed structure, is more thermodynamically sta
ble than anatase (β-TiO2). Anatase can be irreversibly transformed to 
rutile at temperatures above 600–700 ◦C, with time and pressure also 
influencing its transition [22]. Many studies have reported better 
corrosion behavior when an oxide is in the form of rutile [11,23–25], 
and it has been shown that the resistance of dual-phase anatase–rutile is 
improved following thermal oxidation of the anodized surface [26]. The 
disadvantage of these investigations is that the thickness of the oxides 
being compared is usually not the same, nor are the substrates identical. 
Furthermore, the influence of the surface modification technique on the 
substrate itself, as well as on the microstructure and related differences 
in the oxides, have been poorly researched and are not well understood. 
In order to progress one step closer to this knowledge, blue oxide films, 
which give the surface a blue-like finish, were created on a Ti6Al4V alloy 
using two different techniques, ensuring the thickness of the oxides 
remained very similar (approximately 40 nm). When light waves strike a 
thin oxide on titanium, some of the light is reflected from the uppermost 
surface of the oxide, while some penetrates the oxide and reflects off the 
lower surface. The interference effect of the reflected waves results in 
the creation of interference patterns, which manifest in changes in the 
perceived color of the titanium surface. The color of the titanium 
observed depends on the thickness of the oxide [27–29], but is not, 
however, influenced by the crystalline form of the oxide.

The aim of the present study was to enhance understanding 
regarding the influence of the oxidation method on the behavior of a 
Ti6Al4V alloy in a physiological medium. This was achieved through 
precise characterization of the properties of blue oxides produced by two 
chemically and physically different methods – namely, electrochemical 
anodization and plazma oxidation. The properties were compared to 
those of a native oxide film spontaneously developed on Ti6Al4V. 
Electrochemical characterization was conducted using potentiodynamic 
scans and electrochemical impedance spectroscopy during 1 week of 
immersion. Ion release tests were also performed during 42 days of 
immersion in a 0.9 % NaCl solution at 37 ◦C. In-depth microstructural 
investigation was conducted using Scanning Electron Microscopy (SEM) 
coupled with Electron Backscatter Diffraction (EBSD). Time-of-Flight 
Secondary Ion Mass Spectrometry (ToF-SIMS), depth profiling by X- 
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and 
Raman analysis were further conducted to study the properties of the 
oxides.

2. Materials and experimental methods

2.1. Material

A Ti6Al4V alloy was used as the base material, cut from 1.9 mm thick 
sheets. The chemical composition of the plate used, as determined by 
optical emission spectroscopy, was 5.85 % Al, 3.92 % V, 0.10 % Fe, 0.01 
% Si, and 0.03 % C, with the balance being Ti.

2.2. Oxidation procedures

A reference specimen, denoted in the paper as the “reference”, was 
first prepared by grinding a piece of the bare (untreated) material with 

600 grit SiC paper and cleaning it in acetone for 10 min in an ultrasound 
bath. This specimen was then placed into a solution consisting of 92 ml 
distilled water, 6 ml NaOH and 2 ml HF for one minute, then rinsed with 
distilled water and dried with hot air. The same procedure was then used 
for all the other specimens before subjecting them to various oxidation 
treatments, thus coloring their surfaces blue. The specimens oxidized by 
anodization are denoted as “anodized”. Anodization was carried out in 
an electrolyte consisting of 20 g/L citric acid and 20 g/L NaHCO3, 
applying a potential at 30 V for 10 s. The specimens denoted “plasma” 
were oxidized in a 2-step plasma process, detailed as follows: 1st step – 
ratio H: O = 6:1, combined pressure: 40 Pa, plasma power: 600 W, time: 
42 s; 2nd step − O-plasma, pressure: 30 Pa, time: 30 s.

2.3. Experimental methods

2.3.1. Electrochemical tests
Electrochemical tests were performed in a 0.9 % NaCl aqueous so

lution at 37 ◦C. Before electrochemical testing, all samples were rinsed 
with deionized water and ethanol and air-dried. A jacked three- 
electrode corrosion cell was used for the electrochemical tests, consist
ing of a working electrode (a cylindrical flat specimen of diameter 15.0 
mm, inserted in the specimen holder, so that an effective area of 0.785 
cm2 was exposed to the solution), a reference electrode (Ag/AgCl/KCl 
(sat.)), and a graphite rod as a counter electrode. Firstly, open circuit 
potential (OCP) was measured for 6200 s, then linear polarization 
measurements (LP) were conducted at a scan rate of 0.1 mV/s in the 
potential range ± 20 mV vs. OCP. Potentiodynamic (PD) measurements 
followed, starting from –0.25 mV vs. corrosion potential (Ecor), with a 
potential sweep in the anodic direction up to 3.20 V at a scan rate of 1 
mV/s.

Electrochemical impedance spectra (EIS) were measured in the fre
quency range from 65 kHz to 1 mHz with an AC amplitude of ± 10 mV 
(peak-to-peak) during 1 week of immersion. EIS measurements were 
carried out at open-circuit potential (OCP), in a 0.9 % NaCl aqueous 
solution at 37 ◦C, at various times of exposure: 0 h, 24 h, 48 h, 72 h, 96 h, 
120 h, 144 h, and 168 h. EIS data were fitted using the ZView program 
(Scribner, Southern Pines, North Carolina, USA). The chi square of fit 
values was between 0.001 and 0.005.

2.3.2. Ion release test
The ion release (immersion) tests were conducted on square sheets 

sized 35 x 25 mm. The surface exposed to the electrolyte was limited by 
a pool constructed by 3D printed walls, with the plastic material glued to 
the metallic surface and silicon applied at the outer edge between the 
wall and the metallic surface to prevent the electrolyte leaking through 
the joint. The pool, which contained 5 cm2 of the exposed metallic area, 
was filled with 5 ml of 0,9 % NaCl aqueous solution. The total time of 
exposure over the course of the immersion test was 42 days. Fresh so
lution was placed in the pools on the 1st, 4th, 7th, 14th, 21st, 28th, 35th, 
and 42nd days of the experiment. Three replicates of each of the refer
ence and oxidized specimens were exposed to the testing solution. The 
concentrations of the Al and V ions in the solution following exposure 
were measured using an ICP MS Agilent 7900x (Agilent Technologies, 
Japan). The concentrations obtained were normalized according to the 
area exposed, such that the results were given as the total amount of ions 
released per 1 cm2 of sample exposed. The concentrations of Ti ions 
released were also measured, but due to the high interference of tita
nium with the matrix, the relative standard deviation (RSD) was too 
high to perceive the results as relevant [30].

2.3.3. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and X- 
ray photoelectron spectroscopy (XPS)

ToF-SIMS analyses were performed using a ToF–SIMS 5 instrument 
(ION-TOF, Münster, Germany) equipped with a bismuth liquid metal ion 
gun with a kinetic energy of 30 keV. The SIMS spectra were measured by 
scanning a Bi+ ion beam over an area of 100 × 100 µm2. SIMS depth 
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profiles were performed in dual beam depth profiling mode, using the 1 
keV Cs+ ion beam rastering over 0.4 × 0.4 mm for sputtering. In order to 
verify etching rate, an internal standard − namely an Al2O3 oxide layer 
of known thickness i.e. 30 nm − was sputtered at a sputtering rate of 
0.050 nm/s.

The X-ray photoelectron spectroscopy (XPS) analyses were carried 
out using a PHI-TFA XPS spectrometer (produced by Physical Elec
tronics Inc.) equipped with an Al-monochromatic source emitting pho
tons at an energy of 1486.6 eV. The area analyzed was 0.4 mm in 
diameter. The surface composition was quantified from the XPS peak 
intensities, taking into account the relative sensitivity factors provided 
by the instrument manufacturer [31]. XPS depth profiling was per
formed by the 3 keV Ar+ ion beam rastering over an area of 3 × 3 mm, 
using an etching rate of 1.0 nm/min.

2.3.4. SEM examination of the surface and underlying microstructure
The surface morphology and cross-section of the samples under 

investigation were evaluated using scanning electron microscopy (FIB- 
SEM ZEISS Crossbeam 550 SEM). For investigation of the cross sections, 
metallographical samples were prepared (cross sections of the Ti6Al4V 
specimens cast in conductive resin), ground, then polished with 0.06 µm 
colloidal silica.

2.3.5. XRD and Raman spectroscopy
X-ray diffraction (XRD) analysis was carried out using an Empyrean 

XRD diffractometer (PANalytical, Malvern, UK) and the data analyzed 
using HighScore Plus database software. The XRD spectra were 
measured between 4◦ and 100◦ (2Θ), using a step size of 0.0065◦ and a 
time per step of 61.2 ms.

The Raman spectra of the oxidized samples were recorded by a 
Horiba Yvon LabRAM HR spectrometer (France, 2009), using a green 
laser at λ = 532 nm. The scanning range was 50–1000 cm− 1, with an 
accumulation time of 25 s for each acquisition to reach the sufficient 
number of counts. The background was not subtracted. The oxide film 
on the reference sample did not give any Raman response and is 
therefore not presented in the Results section.

3. Results

3.1. Metallographical examination

The microstructures of the specimens investigated are presented in 
Fig. 1, focusing on the examination area close to the oxidation layer. 
Cross sections of the oxidized surfaces on the reference (with no artificial 
oxidation applied), anodized and plasma-treated specimens are pre
sented in Fig. 1 a, b and c, respectively. The microstructure of the 
reference and anodized specimens consists of equally-distributed equi
axed α-phase (dark grains in the SEM images, marked with white ar
rows) and discontinuous β-phase at the α-phase grain boundaries (light 
grey grains, marked with white arrows). In the case of the plasma- 
treated specimen (Fig. 1c), the microstructure of the cross section near 
the surface is similar to the microstructural of other two samples, while 

its bulk microstructure consists of continuous β-phase (marked with a 
black arrow) in the α-phase grain boundaries. An α + β lamellar 
microstructure is also observed in the bulk microstructure of the plasma- 
oxidized specimen.

Metallographic investigation shows that the anodization process has 
no influence on the microstructure, but a change was observed in the 
bulk microstructure of the plasma-treated specimen. During plasma 
treatment, the core of the specimen is inductively heated above the 
β-transus temperature, at around 980 ◦C, then cooled at a moderate rate. 
During this type of treatment, the temperature at the surface remains 
below the β-transus temperature, probably due to the very short dura
tion of the plasma oxidation process.

3.2. XRD and Raman spectroscopy

XRD spectra reveal the presence of peaks characteristic for the 
α-phase in all specimens, as shown in Fig. 2. Peaks for the β-phase are not 
intensive, with their presence only confirmed for the plasma-treated 
specimen. A significant shift in the peaks toward lower angles was, 
however, observed in the XRD patterns for the plasma-treated specimen. 
The shift from 0.2 to 0.6◦ can be attributed to expansion of the lattice, 
which is caused by the uptake of oxygen [32]. In addition, the XRD 
peaks are split in these specimens, with the first peak (at a lower angle) 
always being lower than the second. A similar splitting of peaks was also 
observed for all the peaks in the reference specimen, and for the peaks 
(110), (103), (112) and (201) in the anodized specimen. Splitting could 
occur due to cell deformation or distortion [33].

As seen in Fig. 3, Raman bands are visible at 136 cm− 1, 394 cm− 1 and 
634 cm− 1 in the anodized sample, indicating the presence of anatase. In 
the plasma-oxidized sample, well-expressed bands are visible at 148 
cm− 1, 242 cm− 1, 452 cm− 1 and 618 cm− 1, indicating the presence of the 
rutile phase [34,35]. The Raman bands of rutile in the plasma-oxidized 
sample are more distinct than the anatase bands in the anodized sample. 
This can be attributed to several factors. Rutile typically has a higher 
Raman scattering cross-section, making its bands more intense. Another 
possible explanation is that the plasma oxidation process results in a 
more crystalline and phase-pure structure of rutile, which further in
creases the clarity and intensity of its Raman peaks compared to the 
anatase phase [36].

3.3. Electrochemical tests

The corrosion potential measurements and potentiodynamic curves 
are presented in Fig. 4 a and b, respectively. The electrochemical pa
rameters extracted are given in Table 1.

During immersion in the physiological solution at 37 ◦C, the open 
circuit potential, EOCP, of the reference Ti6Al4V was –0.162 V after 2 h 
immersion. The most positive EOCP (+0.141 V) was measured in the 
anodized sample. A shift to more positive potentials in anodized 
Ti6Al4V surfaces in comparison to a non-treated surface has also been 
reported previously [37]. In the plasma-treated sample, the most 
negative EOCP was –0.317 V. The shift towards the cathodic region in 

Fig. 1. Cross-sectional microstructures of the a) reference, b) anodized Ti6Al4V and c) plasma-treated specimens.
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plasma-treated specimen indicates an increased anodic activity as 
compared to the reference and anodized specimens.

The passive behaviour of the differently-oxidized Ti6Al4V samples in 
the 0.9 wt% NaCl solution at 37 ◦C can be observed from the corrosion 
current densities, jcorr, and passive current densities, jpass. The trans
passive potential, Etrans, is observed at potentials around 1.3 V, at which 
point a steeper increase in the current density is triggered, limited by a 
transpassive peak at 1.5 V (Table 1). The curves then extend into a 
second transpassive region, with different current density modes. ΔE, 
which is the difference between transpassive potential (Etrans) and 
corrosion potential (Ecorr) presents a window of passivity – potential 
range during which the passive layer is stable. ΔE is the highest for 
reference specimen, if we neglect the jpass slight increase and decrease at 
about 1.5 V.

The passive current density, jpass, in the passive region is lower in the 
anodized specimen than in all the other samples tested, with a value of 
approximately 0.0365 μA/cm2 (see Table 2). Of both the treated sam
ples, those treated with plasma have the highest current density in the 
passive region (3.42 μA/cm2). The corrosion properties are better in the 
reference sample than in the plasma-treated samples, since the lowest 
current densities were observed in potential ranges above 1.5 V (red 
curve). Polarization resistance was also defined from the potentiody
namic polarization tests, with the results shown in Table 2. Polarization 
resistance (Rp) is a measure of the resistance of a metallic material when 
transferring electrons to counterpart electroactive species present in a 
solution [38]. Here, the highest Rp was measured in the anodized sam
ples, with the values for the reference specimens being approximately 4- 
times lower, and those for the plasma-treated specimen approximately 
23-times lower. Similar results with respect to the preferential proper
ties of anodized Ti6Al4V surfaces have been published previously [39].

Additionally, during the first week of exposure in 0.9 % NaCl, elec
trochemical impedance spectroscopy (EIS) tests were performed for 
each of the oxidized specimens and compared to the reference specimen. 
The tests were executed in a 0.9 wt% NaCl solution at 37 ◦C. The 

Fig. 2. XRD patterns of the reference, anodized, plasma-treated and laser-oxidized Ti6Al4V samples (a), with an enlarged view of the peaks for the hexagonal close 
packed (α) planes (002) (b), (101) (c) and (112) and (201) (d).

Fig. 3. Raman spectra for the anodised and plasma-oxidized Ti6Al4V alloys.
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impedance spectra (Nyquist and Bode diagrams) are presented in 
Figure S1 in the Supplementary Information. EIS spectra were fitted 
with electrical equivalent circuits (EEC) using the ZView fitting pro
gram. The EIS response, represented as the sum of all resistances (Rp) in 
the EEC, apart from the solution resistance, during the 7 days of expo
sure, is presented in Fig. 5. The anodized specimen exhibited the highest 
Rp across the entire period of exposure, with a value of around 9.96 MΩ 
cm2 at the end of the exposure. The second largest Rp (of 3.9 MΩ cm2) 
was observed for the reference specimen. Polarization resistance, 
measured from the impedance spectra, was the lowest in the plasma- 
treated samples, with values of around 0.6 MΩ cm2. These results 
coincide well with measurements deduced from the potentiodynamic 
tests.

3.4. Ion release test

The cumulative amounts of Al ions (left graph) and V ions (graph on 
the right side) released during 42 days of exposure to the 0.9 % NaCl 

solution are presented in Fig. 6. The amount shown for each day sampled 
is the sum of the amount from the previous sampling day (n-1) and the 
amount from the present sampling day (n). The rate of release of the Al 
ions slows after the 7th day of exposure, whereas the release rate for V 
ions is very slow during whole exposure – this pattern is observed in all 
specimens, with the exception of the specimen oxidized with plasma, 
where the ion release rate is significantly higher than for reference and 
anodized sample, and slow down after the 7th day of exposure. A 
complete cessation of ion release after an extended period of exposure 
was not observed in any of the specimens investigated. The cumulative 
amounts of ions released are low, reaching up to 0.04 µg/cm2 for Al, and 
up to 0.4 µg/cm2 for V. There are, however, some differences in results 
between the various specimens tested, which can be exposed and will be 
discussed later. The highest release of Al ions was observed in the 
reference specimen, with no artificial oxide layer, whilst the lowest 
release occurred in the anodized alloy. The amount of Al ions released 
from the plasma-treated specimen was similar to that seen in the 
reference alloy during the first week of exposure, but the release rate 
slowed down to the level of the anodized specimen for a period, before 
then rising again to become higher in comparison to the anodized 
specimen in the final week. With respect to the V ions released over the 
course of the test (right graph in Fig. 6), the total amount of ions released 
from the plasma specimen is a few times higher than both the reference 
alloy and the anodized specimen. As with Al, the rate of release rapidly 
increases during the first 4 days of exposure, then slows over the 
following weeks, but does not stop. The increase in the amount of V ions 
released between the first and last weeks of exposure is highest in the 
plasma-treated specimen and lowest in the reference specimen. In the 
anodized specimens, the rate increase of release of V ions is constant, 
from the beginning to the end of the test, but it is slow – together with 
the reference alloy this specimen exhibited the lowest total amount of V 
ions released at the end of the test.

3.5. SEM examination

Both before and after the ion release (immersion) test, the surfaces of 
the specimens were examined by SEM to observe any possible defects. 
The SEM images, together with true color optical images (shown as a 
small picture in the top left corner of each SEM image), are presented in 
Fig. 7. The surface of the reference Ti6Al4V specimen, with no artificial 
oxidation present, shows no visible change compared to the unexposed 
specimen, as can be seen in Fig. 7a. Before and after the immersion test, 
isohypsa-like lines are present on the surface of the α-grains, caused by 
the dissolution of this phase that occurred during milling, which was 
part of the sample preparation process. β-phase particles, with polygon- 
shaped edges, are evenly distributed across the surface. The particles 

Fig. 4. Open circuit potential measurements (a) and potentiodynamic curves (b) for the reference Ti6Al4V, anodized and plazma-oxidized Ti6Al4V specimens.

Table 1 
Parameters obtained from the electrochemical measurements.

Reference 
Ti6Al4V

Anodised 
Ti6Al4V

Plasma 
treated 
Ti6Al4V

OCP Ecorr (V) –0.12 ± 0.02 0.14 ± 0.06 –0.32 ± 0.02
PD jcorr (nA/cm2) 16.1 ± 7.21 11.8 ± 3.72 201 ± 16.1

jpass (μA/cm2) 8.38 0.0365 3.42
Etrans (V) 2.53 ± 0.02 1.27 ± 0.376 1.36 ± 0.025
ΔE (Etrans – 
Ecorr))(V)

2.65 ± 0.02 1.13 ± 0.41 1.68 ± 0.035

LP Rp (MΩ cm2) 2.73 ± 2.93 8.56 ± 3.19 0.37 ± 0.057

Table 2 
Atomic concentrations of Ti, Al and V species at the outermost surface of the 
oxides (XPS depth profile at 0 nm) on the reference, anodized and plasma- 
treated specimens.

Specimen Ti- 
oxide 
[at%]

Ti- 
metal 
[at%]

Al- 
oxide 
[at%]

Al- 
metal 
[at%]

V-oxide 
[at%]

V-metal 
[at%]

Reference 
Ti6Al4V

77.6 0.0 19.3 1.0 2.2 0.0

Anodised 
Ti6Al4V

89.3 0.0 10.2 0.3 0.3 0.0

Plasma 
treated 
Ti6Al4V

76.8 0.0 20.4 0.7 2.2 0.0
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Fig. 5. Polarization resistance, presented as the sum of partial resistances, as obtained from EIS data, for the reference, anodized and plasma-treated Ti6Al4Al alloy 
specimens over the course of 1 week exposure to a 0.9 wt% NaCl solution at 37 ◦C.

Fig. 6. Amounts of a) Al and b) V released during the immersion test.

Fig. 7. SEM images and OM images (small images in the top left corner of each SEM image) of the a) reference, b) anodized, and c) plasma-treated specimen 
following the ion release test.
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appear to be detached from the surface (undercut), which is likely due to 
the procedure used to clean the samples following their preparation in 
the ultrasonic bath. The anodized surface (Fig. 7b) is seemingly more 
smooth than the reference Ti6Al4V, with many bubble-like features on 
the α-phase that are not present on the β-phase. The edges of the β-phase 
in this specimen are smoother than on the reference specimen. Cracks 
are present on the upper surface of some of the β-phase (marked by the 
black arrow in the Fig. 7b). A few edges between the α and β-phases 
show the spalling of a film, most probably oxide formed by anodization 
(shown by the white arrows in the Figure Fig. 7b) after the ion release 
test. The surface of the Ti6Al4V oxidized in plasma (Fig. 7c) is covered 
with bubble-like features on the α-phase, similar to that seen on the 
anodized specimen, but denser. The density of the bubbles varies be
tween individual α-phase grains, therefore it is assumed to be dependent 
on the grain orientation. No difference was observed between the sur
face of the plasma-treated specimen before and after the immersion test.

3.6. ToF-SIMS and XPS measurements

Fig. 8a, b and c show the SIMS depth profiles, measured in negative 
polarity, for the signals of TiO2

- , AlO2
- and VO-, respectively. The in

tensities of the SIMS signals for each of the oxides on the reference, 
anodized and plasma-treated specimens are presented as a function of 
the oxide depth before and after the ion release test. The SIMS method is 
not quantitative, therefore the absolute concentration of these species 
cannot be determined, only their relative ratio. The thickness of the 
oxide films was evaluated where the TiO2 signal crosses the TiAl signal 
in the SIMS depth profiles (see Supplementary information S2). The 
oxide thickness was 3 nm on the reference (non-treated) specimen, 42 
nm on the anodized sample and 40 nm on the plasma-oxidized spec
imen. It follows that the thickness of the oxides on the two artificially- 
oxidized samples is similar, i.e. in the range 40–42 nm, giving them 
the blue surface color characteristic of a Ti-oxide of this thickness.

The reference, non-treated sample, is covered with a thin oxide layer 
containing Ti-oxide, Al-oxide and V-oxide. The intensity of all three of 
the oxides gradually decreases when moving from the surface of the 
oxide towards the oxide/ metal interlayer (red lines in Fig. 8).

In the anodized sample (shown by the blue lines in Fig. 8), Al-oxide 
and V-oxide are present in lower quantities at the oxide surface and the 
oxide/metal interface compared to the core of the oxide layer – the 
amounts gradually increase from both the outermost surface of the oxide 
and the metal/oxide interlayer towards the middle of the oxide. In the 
anodized samples, the largest amount of V-oxide was detected in the 
middle of the oxide layers, both before and after the ion release test. This 
means that V-oxide is trapped inside the oxide layer formed by anod
ization and is not released when immersed in the saline solution. At the 
outermost oxide surface, Ti-oxide enrichment is observed in comparison 
to the inner section of the oxide layer.

In the plasma-oxidized sample (green lines in Fig. 8), the Ti-oxide, 
Al-oxide and V-oxide are not distributed uniformly, but rather can be 
recognized as three layers. Al-oxide enriches the outermost surface of 
the oxide in a layer approximately 5 nm thick, and the interface between 
the metal and the oxide film to a depth of about 25 nm. The concen
tration of Al-oxide is lower in the middle of the oxide layer compared to 
on either side (i.e. at the outermost oxide surface and the metal/ oxide 
interface). In the inner section of the oxide layers, V-oxide is uniformly 
present. The largest V-oxide signal in the subsurface region (2–5 nm) in 
this sample was observed before the ion release test. After the ion release 
test the V-oxide signal in this region (black arrow in Fig. 8c) significantly 
decreased, corresponding to a pronounced release of V detected by the 
ion release test (Fig. 6b).

In addition to SIMS analyses, XPS depth analyses were also per
formed before the ion release test to quantitatively and qualitatively 
investigate any differences in the structure of the oxide layer between 
the anodized and plasma-treated specimens. XPS spectra, Ti 2p3/2 and Al 
2p3/2 were related with Ti(4 + ) and Al(3 + ) oxidation states at 458.6 eV 

and 74.0 eV, confirming the presence of the oxides TiO2 and Al2O3 on 
the surface, as expected [40]. Following the acquisition of XPS spectra 
on the surface of all the samples, depth profiling was performed. The 
shape of the Ti 2p, Al 2p, and V 2p spectra changed significantly during 
depth profiling, indicating a transition from Ti-oxide, Al-oxide, and V- 
oxide towards Ti-metal, Al-metal and V-metal. This spectral change can 
be explored to follow how specific oxides are distributed within the 
oxide layer. We applied the method known as “linear least square 
fitting” (LLS), available in the Multipak processing software, through 
which every single spectrum obtained at a certain depth was decom
posed into a Ti-oxide peak at 458.6 eV, a Ti-metal peak at 454.0 eV, an 
Al-oxide peak at 74.0 eV, an Al-metal peak at 72.0 eV, a V-oxide peak at 
515.0 eV and a V-metal peak at 511.0 eV. In this way, six curves were 
obtained for Ti, Al and V as a function of depth. XPS depth profiles of the 
relative concentration of different types of cations (Ti-oxide, Ti-metal, V- 
metal, Al-oxide, Al-metal, V-oxide) are presented in Fig. 9. The solid 
lines correspond to the relative concentration of oxides versus depth, 
while the dotted lines represent the relative concentrations of the 
metallic components, Ti, Al and V. These XPS depth profiles allow 
quantitative aspects of the oxide layers to be determined, which is not 
possible from the SIMS depth profiles. The SIMS depth profiles (Fig. 8), 
on the other hand, have better depth resolution and chemical sensitivity, 
allowing the depth distribution of components in the oxide layers to be 
followed more precisely. The atomic concentrations of Ti-oxide, Ti- 
metal, Al-oxide, Al-metal, V-oxide and V-metal at the outermost surface 
of all three specimens are presented in Table 2. The XPS profiles for the 
reference Ti6Al4V specimen (Fig. 9a and b) and the plasma specimen 
(Fig. 9e and f) show an enrichment of Al-oxide and V-oxide, and a deficit 
of Ti-oxide, at the outermost surface. The atomic concentration of Ti 
oxide increases slightly between the outermost surface and the metal 
interface, reaching its maximum value at a depth of approximately 2 nm 
in the reference specimen, and at 5 nm in the plasma specimen. The 
amount of V-oxide in the oxide layer of the reference specimen reaches a 
maximum (of approximately 3.7 at.%) at around 1.5 nm below the outer 
surface (Fig. 9a and b), and decreases nearer the metallic surface. In the 
reference specimen, the concentration of Al-oxide reached its maximum 
at the outermost surface, then decreased from that point moving to
wards the surface of the metal. Fig. 9e and f show the enrichment of Al- 
oxide at both the outermost surface and the oxide/metal interface in the 
plasma-treated samples. On the contrary, V-oxide is not present in the 
outermost layer in the anodized specimen (to about 5 nm; Fig. 9c and d), 
although Al-oxide is seen to be uniformly distributed across the outer
most 30 nm of this specimen.

We should note that a possible explanation for changing the chemical 
states of Ti from Ti(4 + ) to metallic Ti described above might also be a 
preferential sputtering by Ar bombardment showing the reduction of Ti 
(4 + ) to Ti (2+/3 + ) states. This artefact was often observed during the 
Ar-sputtering of Ti-oxide layers [41]. We decomposed Ti 2p spectra 
taken during the depth profile using the LLS method (Fig. 9a, c, e) into 
the surface TiO2-like spectrum and the Ti-metallic spectrum from the 
base alloy. Therefore, we supposed that Ti(2+/3 + ) states possibly 
formed due to preferential sputtering did not significantly influence the 
profile curves for Ti-oxide and Ti-metallic species.

4. Discussion

Results from the electrochemical tests conducted in 0.9 wt% NaCl, 
presented in section 3.3, shows that oxidation of the Ti6Al4V alloy did 
not always improve its corrosion resistance. Oxidation by anodization 
significantly improved (increased) polarization resistance (a measure of 
corrosion resistance) in comparison to the reference specimen. The 
plasma-treated specimen, on the other hand, had the lowest polarization 
resistance of all the specimens investigated.

During the ion release test, both types of oxidation processes inves
tigated suppressed the release of Al into the 0.9 wt% NaCl solution. The 
amount of Al ions released from the anodized and plasma-oxidised 
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Fig. 8. Intensities of the SIMS signals of titanium oxide (TiO2
- ), a fragment of aluminium oxide (AlO2

- ) and a fragment of vanadium oxide (VO-) as a function of depth, 
before and after the 42 days of ion release test, for the reference, anodized and plasma-treated specimens.

M. Bajt Leban et al.                                                                                                                                                                                                                            Applied Surface Science 681 (2025) 161486 

8 



specimens was very similar. During the same test, no significant differ
ence was observed between the amount of V released from the reference 
and anodized specimens. The amount of V released from the plasma- 
treated specimen, on the other hand, was a few times higher.

This finding led to an in-depth analysis of the oxides, investigating 
the differences in their composition and structure, which are believed to 
have a crucial influence on corrosion behavior during exposure to a 

saline environment. Differences in the thickness of the oxide in the 
artificially-oxidized, anodized (42 nm) and plasma-treated (40 nm) 
specimens did not significantly influence the corrosion resistance in 0.9 
% NaCl. Indeed, the influence of the thickness of the oxide layer on ti
tanium alloys, produced either by thermal oxidation, or electrochemi
cally, has been extensively studied previously [25,42,43], with a general 
increase in corrosion resistance seen as the thickness of the oxide layer 

Fig. 9. Full XPS depth profiles of Ti-oxide, Ti-metal, Al-oxide, Al-metal, V-oxide and V-metal for the (a) reference, (c) anodized and (e) plasma-treated specimens, 
and enlarged Al-oxide and V-oxide profiles for the (b) reference, (d) anodized and (f) plasma-treated specimens.
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increases. In the case of electrochemical anodization, increasing the 
applied voltage increases the thickness of the oxide. In most cases this 
has been shown to improve corrosion resistance, the exception to this 
being when the oxide formed is porous [42,44]. With thermal oxidation, 
both the thickness of the oxide and the corrosion resistance increase as 
the process temperature is increased [42]. The limitation of these 
studies, however, is that while they compare the corrosion resistance of 
oxide layers of differing thicknesses, these oxides are only generated by 
one type of oxidation − thus the influence of the type of oxidation on 
corrosion behavior is not considered. Namely, the compositional vari
ation of an oxide layer grown electrochemically (i.e. through anodiza
tion) is different from that of one grown thermally (i.e. through plasma 
treatment).

4.1. Thermal oxidation

The standard Gibbs free energies (ΔGo
T, equation (1)) for the for

mation of oxides on Ti6Al4V in a thermally oxidized layer, according to 
the oxidation reactions (2), (3) and (4), are − 960.76 kJmol− 1 for TiO2, 
− 1146.76 kJmol− 1 for Al2O3 and − 872.96 kJmol− 1 for V2O3 [45,46]. 

ΔGo
T = ΔHo

298 − T • ΔSo
298 (1) 

Ti+O2 = TiO2 (2) 

4Al+ 3O2 = 2 Al2O3 (3) 

4V+5O2 = 2 V2O5 (4) 

The more negative the standard Gibbs energy, the higher the feasibility 
of oxide formation. In titanium alloys, however, titanium oxidizes 
preferentially to the other alloying elements. The passive film of a Ti- 
alloy is an n-type semiconductor [8,47,48], which grows inward. The 
partial oxygen pressure in the oxide decreases from the outermost sur
face of the oxide towards the oxide/metal interface, where the oxygen 
reacts with the titanium in Ti6Al4V to form TiO2. At the oxide/metal 
interface, the activity of Al is reduced by V and therefore Al2O3 cannot 
be formed. Al from the metal diffuses through the oxide to its outermost 
surface, where it reacts with oxygen and forms Al2O3 [32,49]. Vanadium 
oxides (such as V2O5) are also not formed at this interface due to low 
oxidation rate. The vanadium eventually oxidizes when it reaches the 
outer surface, but this oxidation primarily occurs at the outermost layer, 
due to the lower oxygen affinity and higher mobility of vanadium 
compared to titanium and aluminum.

4.2. Electrochemical oxidation

The thickness of an anodic oxide film on a titanium alloy depends on 
the anodic voltage, while its morphology primarily depends on the type 
of titanium alloy, the anodization time and the anodizing electrolyte 
[50]. The ToF SIMS and XPS analysis conducted in this research show 
that the distribution of Ti, Al and V oxides within the anodized layer can 
be described by the oxidation mechanism outlined in Yamagami et. al. 
[51], characterized as follows: 1) early stage of anodization, during 
which negatively charged anions and oxide ions move to the metal 
surface, which acts as an anode; 2) middle stage, with the occurrence of 
a double electron layer – the outer layer contains Ti4+ ions, and the inner 
layer near metal contains Ti4+, Al3+ and V5+ ions. As a result, the inner 
layer contains Ti, Al, V and oxygen, while only Ti and oxygen are present 
in the outer layer.

4.3. Structure of the oxide layers

The ToF-SIMS depth analysis and XPS depth profiles revealed some 
differences in the distribution and quantity of the Ti-, Al- and V-oxides 
within the oxide layer between the specimens examined before and after 

the ion release test. With both methods, the oxide layer formed by 
anodization shows a high Ti-oxide/Al-oxide ratio and a high Ti-oxide/V- 
oxide ratio at the outermost surface. The SIMS signals for Al-oxide and 
V- oxide increase when moving from the oxide surface towards the 
oxide/metal interlayer, from zero at an oxide depth of 5 nm to an almost 
constant value at a depth of 20 nm (Fig. 8b and c, respectively).

As can be seen from the enlarged XPS profiles for the reference, 
anodized and plasma-treated specimens, presented in Fig. 9b, d and f, 
respectively, the atomic concentrations of Al-oxide and V-oxide vary 
significantly at the outermost oxide surface. The concentration of Al- 
oxide at the surface was twice as high in the plasma-treated specimen, 
whilst the concentration of V-oxide was more than 7-times higher. 
Similar observations were made for the reference specimen. As a result, 
the concentration of Ti-oxide at the surface is lower in the reference and 
plasma-treated specimens than in the anodized sample.

Table 2 indicates the presence of a certain amount of Al oxide on the 
anodized surface before the ion release test, but its atomic concentration 
was only half that of the plasma-treated surface. ToF SIMS and XPS 
analyses show that Al-oxide and V-oxide are already present in the 
outermost layer in the plasma specimens. As this surface is in contact 
with the environment, it causes release of these two constituents.

4.4. Crystallographic properties of the oxide layers

Raman spectroscopy showed that the oxide formed by anodization is 
mainly anatase, while the oxide formed by plasma is mainly rutile. It can 
be deduced from the broad shape of the Raman bands that neither of the 
oxides investigated are fully crystalline [44]. Both oxide forms have a 
tetragonal close packed structure, with one titanium atom surrounded 
by six oxygen atoms to form an octahedral coordination. The rutile 
structure, however, is denser than anatase, making it more thermally 
stable and improving the corrosion resistance according to the literature 
[25,52]. Rutile was identified in the plasma-treated samples. This is due 
to thermal oxidation in the plasma process. Here, the core is heated 
inductively through thermal conductivity, causing an increase in the 
temperature at the surface. Thermal oxidation is, however, limited, due 
to the low partial pressure of oxygen in a vacuum. Despite this, oxygen 
diffuses into the interstitial sites of the titanium lattice below the surface 
[53,54], thus increasing the hardness (see Table S2). The present study 
investigated the corrosion properties, structure and crystallinity of ox
ides on a Ti6Al4V alloy in order to compare those grown electrochem
ically and thermally. Although it has been reported in the literature that 
rutile is more corrosion resistant than anatase, this claim was not related 
to the structure of an oxide film, as was investigated in this study. Re
sults of this study suggests that there is not a clear correlation between 
corrosion resistance and christallography of the oxide of Ti6Al4V.

4.5. Corrosion and biocompatibility properties of oxide layers on Ti6Al4V

When Ti6Al4V is exposed to a corrosive media, Ti, Al and V ions are 
released into the solution. In a 0.9 % NaCl solution, Cl- ions cause an 
autocatalytic process, which includes the adsorption of Cl- to the oxide 
surface and its combination with oxygen vacancies into an oxide film 
[55]. This enables the formation of oxygen ions and their transport to 
the metal/oxide interface, which slows down or even stops the forma
tion of the oxide layer, while at the same time accelerating the formation 
of more oxygen vacancies and their recombination with chloride ions. 
This, in turn, accelerates the formation of titanium ion vacancies, which 
then migrate towards the metal/oxide surface. Here they cannot anni
hilate, so they condense, causing the thinning and eventual breakdown 
of the oxide layer [8,55,56]. The same process simultaneously occurs for 
Al- and V-oxides, but V-oxide is less stable than Al-oxide (and Ti-oxide), 
so if it is present in the outer layer it is preferentially dissolved. 
Following the ion release test, the biggest drop in the V-oxide concen
tration of the oxide on the plasma-treated specimen occurred in the 
outermost layer (see Fig. 8c), where the highest deficiency was seen in 
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comparison to its initial state (i.e. before the ion release test), suggesting 
that the ‘difference’ had migrated into the solution. This was confirmed 
by the increased concentration of V in the ion release test (Fig. 6b). 
Although the atomic concentrations of V-oxide in the outermost oxide 
layers of the reference and plasma-treated specimens is similar 
(Table 2), the release of V from the plasma-treated specimen is signifi
cantly higher. Furthermore, the polarization resistance in the long-term 
EIS test (Fig. 5) is 6 times lower in the plasma-treated specimen than in 
the reference Ti6Al4V. Corrosion current density (jcorr) is also highest for 
the plasma-treated specimen (Table 1, Fig. 4). Together this provides 
clear evidence that the plasma-treated oxide layer offers poor protection 
in comparison to the reference Ti6Al4V.

In the case of the anodized specimen, vanadium oxide was shown to 
be absent from the outermost surface in the present study, as has been 
also reported in previous studies [8,57,58]. The significant new obser
vation is that the difference in the amount of V present in the outermost 
oxide layer of the anodized and plasma-treated Ti6Al4V alloy is crucial 
for their ion release (biocompatibility) and corrosion properties.

Corrosion properties are governed by the presence of Al-oxide and V- 
oxide within the Ti-oxide layer. V-oxide is known to be less stable than 
Ti- and Al-oxides [7,8] when in contact with media containing chloride 
[55]. Its presence in the alloy and oxide, together with the presence of 
Al, generates different point defects due to difference in valence [55]. 
The differences between the ionic and covalent radii of V and Ti are an 
additional reason for the increased concentration of point defects [8]
and destabilization of the oxide.

The present study determined that the outermost oxide layer of 
plasma treated and reference specimens was enriched with Al-oxide and 
V-oxide. At the same time, only Al-oxide enrichment has been reported 
previously [41]. As observed in our study, simultaneous enrichment 
with V-oxide on the plasma-treated (oxidized) and reference Ti6Al4V 
has yet to be reported. This enrichment caused an increase in the release 
of vanadium ions from plasma-treated specimens but not from reference 
specimens. The extent of vanadium enrichment substantially differs 
between the oxides formed electrochemically (anodization) and ther
mally (plasma). EIS measurements and subsequent fitting of the results 
(results for EIS presented in supplementary file, Figure S1) showed 
different properties of investigated oxide films on reference, anodized, 
and plasma-treated specimens. Oxide on reference Ti6Al4V specimen is 
thin and compact; anodized sample oxide is thicker and composed of the 
compact barrier layer and slightly porous outer layer. In contrast, 
plasma specimen oxide is substantially different, with a less protective 
barrier film and a very porous and full of defects outer layer. This was 

reflected in the equivalent circuits that fit the impedance results (see 
Figure S1 and Table S1). The summarized properties of electrochemical 
investigation, ion release tests and characterization of oxide layers are 
schematically presented in Fig. 10. The tentative model in Fig. 10
demonstrates that the oxide layer on plasma-treated and reference 
Ti6Al4V specimens is enriched with both Al-oxide and V-oxide; how
ever, as derived from EIS measurements and fitting results, the plasma- 
treated oxide layer is highly porous and defective compared to the 
compact oxide on the reference specimen which causes release of 
increased amount of V into testing solution. On the other hand, anodized 
specimen oxide is V- free and contains fewer defects at the outermost 
surface in comparison to plasma-treated specimen, which leads to its 
overall better performance.

5. Conclusion

In this study, blue oxides formed on a Ti6Al4V alloy were compared 
using electrochemical methods, ion release tests and various spectro
scopic techniques in a 0.9 % NaCl solution at body temperature.

The thermal oxidation process (i.e. plasma treatment) is substan
tially different from the electrochemical oxidation process (i.e. anod
ization), which is reflected in the electrochemical processes, ion release 
and structure of the oxide layer.

The oxide layer formed by plasma, which is thermal oxidation pro
cess, was 40 nm thick and consisted of an outer layer containing V- and 
Al-oxide, in addition to Ti-oxide, and Al-oxide enrichment at the metal- 
oxide interface. The electrochemical parameters showed that this oxide 
is porous with lower protective properties, while the high release of V 
ions indicated lower biocompatibility.

The oxide layer formed by anodization was 42 nm thick and con
sisted of all three oxides, with the outermost layer enriched with Ti- and 
Al-oxide. This oxide exhibited the highest polarization resistance and 
lowest corrosion current density, showing its superior corrosion resis
tance. This was further confirmed by the lower amounts of Al and V 
released.

Relying on a single type of investigation, such as electrochemical or 
spectroscopic analysis, to conclude the protective properties of oxides 
can be misleading. Further exploration into the defects of oxides would 
unquestionably enhance the understanding of the corrosion and pro
tective properties of oxide layers in a Ti6Al4V alloy.

Fig. 10. Schematic view of oxide structures and ions migration into 0.9% NaCl.
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