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Abstract: This study investigates the structural, corrosion, and tribocorrosion properties of Ti45Nb alloy coated with 
monolayer and bilayer films. Ti45Nb samples were ultrasonically degreased, anodized in a H2SO4 and H3PO4 solution, and 
coated with graphene oxide (GO) films via spin coating and subsequent annealing. The anodized samples exhibited anatase and 
rutile phases, while GO films displayed characteristic Raman shifts indicating graphite oxidation. Corrosion tests in simulated 
body fluid (SBF) revealed enhanced corrosion resistance in bilayer samples, evidenced by a lower corrosion current density 
(2.28×10-6 A/cm2) and a higher corrosion potential (10 mV) compared to monolayer and untreated samples. Electrochemical 
impedance spectroscopy (EIS) indicated superior charge transfer resistance (9.72 Ωcm2) for bilayer coatings. Tribocorrosion 
tests demonstrated reduced wear rates and coefficient of friction (COF) in bilayer films, attributed to increased surface 
hardness and load-carrying capacity. The findings suggest that the bilayer coating significantly enhances the corrosion and 
tribocorrosion resistance of Ti45Nb, making it a promising material for biomedical applications.
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1. Introduction
The excellent strength qualities and low specific gravity of 
titanium and its alloys make them desirable materials for 
use in several applications [1][2]. Though they vary based 
on climatic conditions and regions of usage, titanium and 
its alloys are susceptible to wear and corrosion over time, 
much like other metals, which results in substantial eco-
nomic losses [3]. Because of this, a great deal of research 
has been done on protective coatings that shield metals 
and alloys from wear and corrosion [4][5]. Titanium and 
its alloys are particularly well-suited for usage in biomed-
ical applications because of their biocompatibility. There-
fore, the development of a cost-effective and biocompati-
ble surface coating has been the main focus of efforts in 
recent years to improve the resistance to wear and corro-
sion of titanium and its alloys [6][7].

In comparison to other titanium alloys, Ti45Nb possess-
es a lower Young’s modulus and greater corrosion resis-
tance, rendering it a popular choice for biomedical appli-
cations [8]. Numerous experiments have been conducted 
to improve the wear and corrosion resistance with the 
surface coating, despite the high corrosion resistance of 
Ti45Nb material [9]. Because it has been discovered that 
these qualities become insufficient when simultaneously 
exposed to wear, corrosion and an acidic environment 
[10]. In addition, due to their poor tribological perfor-
mance, residues can accumulate and grow in human tis-
sues and also dissolve in blood. Some health problems, 
such as inflammation and carcinogenic responses, may 
occur due to these consequences, and bone loss that may 
result from this is among the possible possibilities [11].

Oxide-based coatings are commonly utilized to improve 
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the corrosion, tribocorrosion, and wear resistance of 
Ti45Nb material, as seen in the literature [12]. A re-
view of the literature reveals that many experiments on 
oxide-based protective coatings use the TiO2 structure. 
Because it is known that TiO2, in addition to having a 
biocompatible structure, also increases wear resistance 
and corrosion resistance [13][14]. As a result, it has 
been noted that a variety of surface treatments, includ-
ing anodic oxidation, chemical vapor deposition, phys-
ical vapor deposition, and sol-gel coating, can produce 
TiO2 structure on titanium surfaces [15].

However, monolayer coatings have been replaced by bi-
layer coatings. Because it is known from experimental 
research that bilayer coatings have more benefits than 
monolayer coatings. It has been noted that bilayer coat-
ings exhibit more toughness than nonolayer coatings, 
that increasing the hardness increases wear resistance, 
and that the structures in between the layers act as a 
protective barrier against corrosion [16][17]. Çomaklı 
et al. [11] created multilayer films with TiO2-SiO2 struc-
tures on β-type Ti45Nb alloy substrates. As a result, 
they highlighted that the values of multilayer film-coat-
ed substrates were higher than those of untreated sub-
strates in terms of wear resistance, corrosion resis-
tance, and surface hardness. Wei et al. [18] investigated 
the surface hardness of multilayer structures and found 
that for samples with multilayer coatings, the maximum 
hardness was reached approximately 3 times greater 
than that of the substrate material.

As a result of the analysis of the studies, it was observed 
that the wear and corrosion resistance of titanium al-
loys increased with double-layer structures. In order to 
further increase the wear and corrosion resistance, it is 
thought that the use of graphene-based structures to-
gether with the TiO2 structure will increase the corrosion 
and wear resistance of titanium materials to the desired 
level. In previous studies using graphene-based struc-
tures, it was stated that wear and corrosion resistance 
increased. Chen et al. [19] emphasized that graphene 
nanolayers well dispersed improved the anti-corrosion 
performance and wear resistance properties.

In this research, graphene is coated on TiO2 using a 
spin coating process, and TiO2 anodic layer is formed on 

Ti45Nb by anodization method, which is commonly em-
ployed mainly in biomedical applications since it encour-
ages bone formation on titanium surfaces. Examining the 
corrosion and tribocorrosion characteristics of monolay-
er TiO2 and bilayer TiO2-graphene coatings on Ti45Nb 
is the aim of this study. The structural characterization 
of the samples was performed using X-ray diffraction 
(XRD), Raman spectroscopy, and scanning electron mi-
croscopy (SEM) techniques. By using potentiodynamic 
polarization and open circuit potential (OCP) approach-
es, electrochemical characteristics were examined and 
their tribocorrosion characteristics in simulated body 
fluid (SBF) were investigated and contrasted.

2. Methodology 

2.1.  Sample preparation

In this study, Ti45Nb samples with their chemical com-
position as provided in ▶Table 1 were utilized [20]. 
Ti45Nb samples with dimensions of 1.5*1.5 cm2 and 3 
mm in thickness were ultrasonically degreased in ac-
etone and ethanol for 20 minutes, respectively, then 
dried after being cleaned one more with an ultrasonic 
cleaner and distilled water.

Table 1. The chemical composition of Ti45Nb (wt%).  

Substrate Ti Nb (max) Others

Ti45Nb 54.69 45.11 0.2
 

2.2. Experimentation

The electrolytes were utilized to make the anodization 
solution H2SO4 = 0.75 molar and H3PO4 = 0.5 molar as 
described in our previous study [21][22]. Before anod-
ization, the Ti45Nb sample was immersed in HNO3 for 
a minute. It was then rinsed with distilled water and 
dried. A graphite rod served as the negative electrode 
and a Ti45Nb sample as the positive electrode. During 

Figure 1. Schematic diagram of the coating processes of the monolayer TiO2 and bilayer TiO2-GO films on  Ti45Nb samples with anodization and 
spin-coating methods.
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the anodization process, the distance between them 
was fixed at 30 mm. The anodic layer was formed in 
the prepared solution by applying a voltage of 200 V to 
the samples and letting them anodize for 20 minutes 
at room temperature. After that, the sample was dried 
and rinsed with distilled water. As shown Fig.1  to make 
the graphene oxide films (GO), the graphite oxide flakes 
were dissolved in deionized water at a concentration of 
10 mg/ml. The solution was sonicated for thirty min-
utes, and then it was swirled for two hours. The solution 
was then spin-coated onto the substrate for 30 seconds 
at 3500 rpm to form GO film.  GO films were then an-
nealed for 30 minutes at 500°C in an argon atmosphere 
to produce conductive graphene films [23]. All coatings 
were repeated 3 times to check their reproducibility.

Using a Cu-K (=1.54059) source operated at 40 kV and 
30 mA, an XRD-GNR-Explorer X-Ray diffraction ap-
paratus was used to determine the phase of Ti45Nb 
samples on a 2θ scale spanning from 10° to 80°. By com-
paring them to the International Diffraction Data Cen-
ter (ICDD) standard cards, all phases were identified. 
Using a WITec alpha 300 R instrument with a 532 nm 
wavelength and 0.3 mWatt of power, the Raman studies 
were conducted. Using the FEI QUANTA 250 Scanning 
Electron Microscope, pictures of the top and cross-sec-
tion were captured. Vickers microhardness measure-
ments were performed using a Buehler Micromet de-
vice with an average obtained from five distinct spots 
and a loading duration of 10 s under a 10 g load. 

All experimental parameters used in corrosion and tri-
bocorrosion experiments and the chemical composition 
of the SBF liquid in which the experiments were carried 
out are given in our previous study [22].

The GAMRY series G750TM (Gamry Instruments, 
Warminster, USA) with potentiodynamic polarization 
was used for the electrochemical investigations. Using 
a heater, the SBF temperature was set and maintained 
during the tribocorrosion and corrosion tests. The sam-
ples of Ti45Nb underwent corrosion resistance testing 
at 37 ± 0.5 °C. The three-electrode method was applied 
in the electrochemical experiments [24]. The reference 
electrode was Ag/AgCl, and the counter electrode was 
graphite. The prior study provided the basic test pa-
rameters for electrochemical analyses.

At 50% relative humidity, tribocorrosion tests were con-
ducted using the Turkyus PODWT&RWT reciprocating 
tribotester and electrochemical monitoring apparatus. 
After potential equilibration, tribocorrosion rubbing 
experiments were carried out in open-circuit potential 
settings. The pin was an Al2O3 ball with a 6 mm diam-
eter, and 1 N of normal force was applied as for ASTM 
G133-02. The stroke had a length of 8 mm and a frequen-
cy of 1 Hz of reciprocation.  A Bruker Contour GT-K1 
3D surface profilometer was used to investigate the wear 
depth. In order to verify the test results, all corrosion and 

tribocorrosion experiments were repeated 3 times.

3.  Results and discussion

3.1. Structural characterization

Fig. 2-a illustrates the XRD patterns for the untreat-
ed, monolayer, and bilayer samples. The XRD patterns 
revealed the presence of β-Ti peaks in the Ti45Nb sub-
strate. It was observed that the monolayer TiO2 film 
formed on the substrate during the anodization process 
consisted of both anatase and rutile phases. Previous 
investigations, based on XRD data, demonstrated the 
compatibility of rutile and anatase structures [21]. The 
presence of GO structures in the XRD spectrum of the 
bilayer film was confirmed by a broad peak in the range 
of approximately 24°-25° on Ti45Nb [25].

(a)

(b)

Figyre 2.  (a) XR D graphs, (b) Raman spectra of untreated, monolay-
er, and bilayer Ti45Nb samples

▶Figure 2-b displays the Raman spectra of the mono-
layer and bilayer samples. It can be demonstrated that 
Raman spectra of the anatase crystal phase exhibit five 
distinct bands. The maximums were approximately 
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144, 196, 391, 514, and 634 cm-1, and they matched the 
active modes  Eg(1), Eg(2), B1g, A1g, and Eg(3) respec-
tively. Because the Raman spectra only show the bulk 
material and not the pores in the structures formed in 
the anodic films, where the rutile phase is concentrated 
near the open pores, they only show the anatase phase. 
All anodized Ti45Nb samples have the anatase phase 
as the primary phase, according to Raman spectra. 
▶Figure 2-b GO Raman spectra show the shift in GO 
structure brought on by graphite oxidation, with the G 
(sp2) band corresponding to structures. Conversely, ox-
idation results in uneven, amorphous structures in the 

D (sp3) band. The GO G-band and D-band are visible at 
1595 cm-1and 1360 cm-1, respectively. In graphite, the 
G-band is present in all sp2 carbon systems due to the 
stretching of the C-C bond. Structural flaws resulting 
from epoxy and hydroxyl group attachment to the GO 
basal plane give rise to the D-band [26].

Figure 3 presents cross-sectional view images of the bi-
layer sample and top-view SEM images of the untreat-
ed, monolayer, and bilayer samples. The sample exhibits 
small open pores on its surface following anodization. 
The formation of micropores is consistent with prior 

  

Figure 3.  SEM images of (a) untreated, (b) monolayer, and (c) bilayer Ti45Nb samples (d) cross-section SEM image of monolayer sample and (e) 
cross-section SEM image of bilayer sample
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studies [21]. It is evident from the SEM image that there 
are additional nanopores formed due to the presence of 
oxygen. Nanopores are generated during the anodizing 
process when oxygen bubbles form as a result of the ox-
idation reaction [27]. The SEM image of the graphene 
structure fabricated on TiO2 using the spin coating 
technique reveals a change in surface morphology. It is 
hypothesized that the action of centrifugal force induc-
es dense clustering of graphene structures around open 
pores. Analysis of the cross-section SEM image indicat-

ed a thickness of 1.7 μm for the graphene film, while the 
TiO2 anodic layer measured 6.5 μm.

3.2. Corrosion experiment

The potentiodynamic polarization curves for untreat-
ed, monolayer, and bilayer materials in SBF solution are 
depicted in ▶Figure 4-a. These curves were obtained 
through electrochemical testing. ▶Table 2 presents the 

Figure 4. (a) Potentiodynamic polarization curves, (b) Bode, and (c) Nyquist plots of untreated, monolayer, and bilayer Ti45Nb samples

Muhammet Taha Acar

195European Mechanical Science (2024), 8(3) https://doi.org/10.26701/ems.1485412



corrosion potential (Ecorr) and corrosion current den-
sity (Icorr) values derived from the polarization curves. 
Lower Icorr values and higher Ecorr values indicate 
greater corrosion resistance [28]. When compared to 
untreated samples, both monolayer and bilayer sam-
ples demonstrate higher corrosion current density and 
lower corrosion potential. In contrast, the bilayer sam-
ple exhibits lower corrosion Icorr (2.28x10−6 A/cm2) and 
greater positive Ecorr (10 mV) values than the monolay-
er sample. The bilayer sample exhibits the best corrosion 
resistance due to its greater film thickness, which creates 
an interface acting as a barrier, thereby preventing con-
tact between the SBF liquid and the Ti45Nb substrate 
[29].

The Bode and Nyquist plots are presented in ▶Fig-
ure 4-b and ▶Figure 4-c, respectively. The results of 
the simulated EIS are shown in ▶Table 2. The charge 
transfer resistance (Rct) is a critical parameter for 
assessing a electrochemistry of samples. It represents 
the rate of corrosion between the coating and the sub-
strate [30]. Due to the thinner oxide layer on untreated 
Ti45Nb compared to anodized samples, the Rct is low-
er. Additionally, the presence of anatase and rutile ox-
ide enhances the performance of anodized samples as 
insulators with lower capacitance. When the corrosion 
resistance of the bilayer film (9.72 Ωcm2) is compared 
with the corrosion resistance of the monolayer film 
(6.56 Ωcm2), it has been discovered that the corrosion 
resistance of the bilayer film is higher. It has been estab-
lished that in this case, the interlayer spacing and film 
thickness play significant roles in corrosion resistance 
[31]. As a result, the bilayer coating displayed maximum 
corrosion resistance, making it more challenging for 
SBF to reach the substrate.

3.3. Tribocorrosion experiment

The open circuit potential (OCP) graphs of the untreat-
ed, monolayer, and bilayer Ti45Nb samples are depict-
ed in Fig. 5-a. Initially, during the rubbing process, the 
OCP curve of the untreated sample exhibited the largest 
reduction compared to the other samples once the sys-
tem reached equilibrium. This reduction in OCP values 
(-650mV) for the untreated Ti45Nb sample was attribut-
ed to damage caused to the natural oxide film by the 
surface treatment. OCP values of -150 mV and -40 mV 
were observed for the monolayer and bilayer samples, 
respectively. It was observed that after the onset of the 

friction process, the OCP values of the monolayer sample 
decreased at a slower rate compared to those of the un-
treated sample. As expected, the rubbing action on the 
bilayer film resulted in the highest average OCP values.

The average COF for the untreated sample ranged be-
tween 0.35 and 0.45. Average COF values ranging from 
0.26 to 0.36 were obtained in the monolayer film. Addi-
tionally, the lowest average COF values were obtained 
from the bilayer film, ranging from 0.17 to 0.22. The 
higher COF values observed in the untreated sample 
are associated with the breakdown of the oxide layer on 
pure titanium alloys due to wear and corrosion, result-
ing in residues that cause abrasive wear [32].

As seen in ▶Figure 5-b and ▶Figure 5-c the untreat-
ed sample has the highest wear rate (0.72 x10−3 mm3/
Nm), whereas the bilayer sample has the lowest wear 
rate (0.12 x10−3 mm3/Nm). In addition to the forma-
tion of an interface between the bilayer films serving 
as a protective barrier against corrosion, their higher 
load-carrying capacity has increased the tribocorro-
sion resistance of the bilayer film. The presence of the 
interface was found to enhance the load-carrying ca-
pacity of bilayer coatings compared to monolayer films 
in previous studies [11]. The bilayer surfaces prevent 
dislocation and reduce the system’s plastic deformation, 
thereby increasing its hardness. According to Archard’s 
rule, higher surface hardness reduces the contact be-
tween the wear ball and the films, resulting in the min-
imum wear rate being achieved in the bilayer film with 
maximum hardness [33].  

Consequently, the influence of increasing layer thickness 
and obtained surface hardness on corrosion and tribo-
corrosion resistance is evident when Fig. 3-c and ▶Table 
2 are compared. However, the advantages gained in the 
bilayer film have a greater impact here. According to the 
literature, the interlayer in the bilayer coating enhanced 
resistance to corrosion and tribocorrosion by lowering 
internal tensions, allowing displacement movement, and 
exhibiting a barrier effect against corrosion [34].

4. Conclusions
In this study, the corrosion and tribocorrosion resis-
tance of Ti45Nb samples coated with graphene oxide 
(GO) films were systematically investigated. 

Table 2. Results of tests performed on all samples for film thickness, hardness, corrosion, and tribocorrosion. 

Ecorr (mV) icorr (x10−6A/cm2) Rct (Ωcm2) Film thickness (μm) Hardness (HV0.1) COF Wear rate (x10−3 mm3/Nm)

Bilayer 10 2.28 9.72 6.5+1.7 1270 0.17-0.22 0.14

Monolayer -163 40.24 6.56 6.5 765 0.26-0.36 0.58

Untreated -285 72.86 3.84 - 378 0.35-0.45 0.72
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• The results demonstrated that the bilayer GO films 
exhibited superior corrosion resistance compared 
to monolayer films and untreated samples. This en-
hanced performance is attributed to the increased 
film thickness and the presence of an interfacial 
layer, which acts as an effective barrier against sim-
ulated body fluid (SBF) penetration. 

• The XRD and Raman spectroscopy analyses con-
firmed the formation of anatase and rutile phases 
in the anodized TiO2 layer and the successful incor-
poration of GO structures in the bilayer films. 

• The electrochemical tests revealed that the bilay-
er samples exhibited the lowest corrosion current 
density (Icorr) and the most positive corrosion po-
tential (Ecorr), indicating their excellent corrosion 
resistance. 

• The tribocorrosion experiments further validated 
these findings, with the bilayer samples showing the 
highest open circuit potential (OCP) and the low-
est coefficient of friction (COF) and wear rate. The 
significant reduction in wear rate and improved 
tribocorrosion resistance are due to the enhanced 
load-carrying capacity and hardness provided by 
the bilayer films.

These results contribute to the growing body of knowl-
edge on the use of graphene-based coatings in enhancing 
the performance of biomedical implants, paving the way 
for further innovations in the field of biomaterials engi-
neering.
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