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a b s t r a c t
In this paper the comparative studies on structural, mechanical and corrosion properties of Nb2O5/Ti–Al–V and
graphene/Ti–Al–V alloy systems have been investigated. We show that the hardness of pure niobium pentoxide
was ca. 8.64 GPa and graphene deposited on titanium alloy surface was equal 5.63 GPa. However, the graphene
monolayer has no effect on surface hardness of titanium alloy and can be easily removed from the surface. On the
other hand, the sample with graphene coating has much better corrosion resistance.
Our results suggest, that the use of combined layers of niobium pentoxide and graphene, in the hybrid multilayer
system can greatly improve the mechanical and corrosion properties of the titanium alloy surface. Such hybrid
system can be used in the future, as protection coating for Ti alloy, in biomedical application and in other applications, where Ti alloys work in an aggressive corrosive environment and in engineering applications where
friction is involved.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Many metallic materials, e.g. stainless steel or alloys based on Co–Cr
or Ti are commonly used in biomedical applications [1–5]. Such materials fulﬁll the requirement of biomaterials, but according to some
works [1,6] they also exhibit many disadvantages; e.g. mismatch between the material's and bone's elasticity, and the toxicity connected
with the release of corrosive products. The wide application of titanium
and its alloys in various ﬁelds of biomedicine is due to their excellent
mechanical properties, good corrosion resistance in biological ﬂuids
and biocompatibility [7]. The excellent corrosion resistance of titanium
in various test saliva solutions and other physiological media is due to
the formation of protective oxide-TiO2 layer on its surface [8]. Recently,
we have observed an increased use of dental gels, toothpastes and rinses
containing ﬂuoride for dental prevention applications [9–11]. Fluoridecontaining specimens have a high ﬂuoride concentration (10,000 ppm)
and a pH range between 3.2 and 7.2. Fluorides are inimical to all reactive
metals such as titanium, especially in acidic media, causing corrosion
due to destruction of their passivity (TiO2 ﬁlms) and loss of mechanical
properties [12].Consequently this leads to the signiﬁcant surface alteration and discoloration of Ti–Al–V alloy implants and prostheses. Ti
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ion release from Ti specimens was found to increase in the presence of
ﬂuoride with low pH, further accelerating this effect [13].
The average corrosion resistance of titanium alloys in speciﬁc conditions (i.e. solutions with a low pH and a high concentration of ﬂuoride
ions) is not the only problem. Titanium and its alloys are characterized
by poor wear resistance and low tribo-corrosion performance [14,15].
The toxic products of corrosion process (taking place on a titanium
alloy surface in speciﬁc environments) and the products released from
it as a result of abrasion during the operation of an implant, can lead
to inﬂammatory or allergic reactions and metalosis [16]. All these lead
to the necessity of implant removal [20,21].
To overcome this problem it is necessary to further enlarge the implant surface. Numerous surface modiﬁcations of titanium alloy implants have been performed to improve their corrosion resistance,
especially in specimens with a high ﬂuoride concentration and low
pH. These methods include burnishing and surface micro-shot peening
and thermo-chemical treatment, in particular based on the physical
vapor deposition (PVD) and chemical vapor deposition (CVD) methods
[14,15,17].
One way of doing this, is to produce an oxide-based coating on the
titanium alloy surface. This leads to the metal's insulation from environmental hazards by the continuous, durable and, at the same time, elastic
oxide ﬁlm [18].
One of materials that can be applied in this area is niobium oxide.
Nb2O5 (niobia) exhibits high corrosion and wear resistance and it is a
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Table 1
Composition of Ti6Al4V titanium alloy.
Components, wt.%
C

Fe

N

O

Al

V

Ti

0.08

0.25

0.05

0.20

5.50–6.75

3.5–4.5

bal

very stable material. Nb2O5 has been investigated as a possible candidate for corrosion barrier coatings [21–23]. As it was shown by
Eisenbarth et al. [24,25] or Ochsenbein et al. [26] niobium oxide exhibits
a good biocompatibility, thus it could be effectively used in biological
applications. According to Ramirez et al. [27] Nb2O5 coatings prepared
by magnetron sputtering could improve the performance of stainless
steel dental implants. This happens because their surface hardness, corrosion resistance and biological response are enhanced. Moreover, it
was found that there is a general relationship between deposition conditions and physicochemical properties of Nb2O5 thin ﬁlms, but a lack of
reports on the biocompatibility of these ﬁlms is notable [18,28–30].
There has been some previous evidences that niobium oxide ﬁlms, produced by the sol–gel method, exhibit good biological compatibility [19,
24–33] and good apatite-inducing ability by immersion in simulated
body ﬂuids (SBF) solution [31]. Other works show that, anodized
niobium-based oxide coatings exhibit bioactivity in a variety of solutions including calcium-phosphorous solution [32], simulated and
human salivas [33] and simulated blood ﬂuid [34,35].
Another way to improve titanium alloys surface properties can be
deposition of ultra thin graphene monolayer. Graphene is one of the
most inspiring and promising materials studied in recent years. Studies
have shown that a single graphene layer considerably increases the corrosion resistance of such systems as copper/graphene [36] and nickel/
graphene [37,38] and protects the surfaces of those metals from oxidation [39].
The purpose of this manuscript is to show that graphene monolayer
can be used as a layer for protection of titanium alloy surface against
corrosion process. In this work, corrosion and mechanical properties
of graphene/Ti–Al–V alloy system have been investigated and compared with pure titanium alloy and Nb2O5/Ti–Al–V alloy system.
2. Materials and methods
2.1. Specimen preparation
For the purpose of the experiment, three sets of titanium alloys
(Ti6Al4V) ASTM Grade 5, UNS R56400 (Table 1) samples were prepared
in the same manner. Before technological processes, the Ti alloy surfaces
were polished using a grinding and polishing Stuers RotoPol 21apparatus. The sample surface was polished to a “mirror image”. In the next
stage, samples were cleaned in an acetone solution.
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using hydrochloric acid solution and hydrogen peroxide as catalyst dissolved in water [39]. After all cleaning steps, PMMA/graphene layer was
transferred on a titanium alloy substrate and annealed in order to evaporate water and increase adhesion between graphene and the surface.
In the last step the PMMA layer was removed.
2.2.2. Niobium oxide/Ti–Al–V system preparation
Thin ﬁlm was prepared by magnetron sputtering method. An innovative multi-target apparatus was used for the deposition process
[40]. This system allows deposition of composite coatings on up to
four targets. In this work, metallic niobium target was sputtered in a
pure oxygen atmosphere and the working pressure during the
sputtering was equal to ca. 3 · 10−3 mbar. The thickness of the deposited thin ﬁlm was measured by Taylor Hobson Talysurf CCI Lite optical
proﬁlometer.
2.3. Analysis of surface characteristics
The quality and a number of transferred layers of graphene were
evaluated by Raman spectroscopy (InVia Renishaw Spectrometer,
514 nm laser line, standard and streamline mode). All Raman spectra
were collected at room temperature using 1 mW of laser power (on
the sample).
Raman spectroscopy is a nondestructive and fast method for studying various carbon materials. In case of graphene, Raman spectra gives
information about number of layers [41,42], material quality and defects
[42,43]. Typical Raman spectra consist of 3 main modes: D mode
(~ 1350 cm−1), G mode (~ 1580 cm−1) and 2D mode (~ 2700 cm−1).
Monolayer graphene sheet is easily identiﬁed by Raman study simply
by looking at the G/2D relative intensity ratio (usually about 0.2), also
taking into account the shape of those peaks [41,42]. The quality and defectiveness of graphene sheet can be veriﬁed by appearance of D mode
peak, usually measured by looking at the relative intensity ratio ID/IG of
peaks D and G [42,44].
The elemental composition and the surface morphology of the nioba
coating and graphene monolayer were investigated with the aid of
FESEM FEI Nova NanoSEM 230 scanning electron microscope (SEM).
The SEM images were obtained using a low voltage high contrast vCD
detector, which is effective for low voltage (b3 kV) backscattered
electron imaging.
To determine the surface topography properties, atomic force microscopy (AFM) measurements were made by a UHV VT AFM/STM
Omicron (Oxford Instruments, Germany) microscope operating in
ultra-high vacuum conditions in contact mode. In the case of prepared coating, the root mean square (RMS) surface roughness was

2.2. Thin ﬁlms preparation
2.2.1. Graphene/Ti–Al–V system preparation
The graphene monolayers were grown on 18-μm thick copper foil
using chemical vapor deposition (CVD) technique (using home-made
CVD set based on Blue M Tube Furnace with 1-inch diameter reactor
tube).
Graphene was transferred on titanium alloy substrate using “PMMAmediated” method [39]. First, PMMA (495 K, about 100 nm thick) was
spin-coated on top of the synthesized graphene on copper substrate
and dried for 24 h at room temperature. Next the graphene from bottom
of Cu substrate was etched by reactive ion etching method in oxygen
plasma (PlasmaLab 80+, Oxford Instruments). After that, the exposed
Cu foil was dissolved in an aqueous etchant of iron (III) nitrate for several hours. When the copper is dissolved the graphene sample was
cleaned in deionized water. Next, ion particles have been removed

Fig. 1. Comparison of Raman spectra obtained for three different measurement points on
the sample Ti–Al–V covered by graphene layer.
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Table 2
Parameters of the spectrum obtained from Raman spectroscopy, in three different measurement points on the sample covered by single layer of graphene.
Point
No.

G mode
position
[cm−1]

FWHM
G [cm−1]

G mode
intensity

2D mode
position
[cm−1]

FWHM
2D

2D mode
intensity

IG/I2D

1
2
3

1583
1576
1585

20
34
24

54,311
26,270
32,920

2678
2668
2679

40
49
39

200,721
93,277
144,561

0.27
0.28
0.23

calculated from ﬁve different AFM images and the standard deviation of this parameter was determined.
X-ray photoelectron spectroscopy (XPS) studies were performed to
determine the chemical states of niobium and oxygen at the surface of
thin ﬁlm with the aid of Specs Phoibos 100 MCD-5 (5 single channel
electron multiplier) hemispherical analyzer (SPECS Surface Nanoanalysis GmbH) using the Specs XR-50 X-ray source with Mg Kα
(1253.6 eV) beam. The results of the measurements were then analyzed
with the aid of CasaXPS software. The Nb4d spectra were calibrated
with respect to the binding energy of the adventitious C1s peak at
284.8 eV.
2.4. Mechanical characterization
The hardness measurements of the obtained coatings were performed by the nanoindenter manufactured by CSM Instruments
equipped with a diamond Vickers indenter. The hardness was calculated using the method proposed by Oliver and Pharr [45]. Each data point
represents an average of ﬁve indentations. A number of measurements
were carried out for various depths of nanoindentation (from 80 nm to
700 nm). In order to measure the “ﬁlm-only” properties and minimize
the impact of the substrate, a method of nanoindentation measurements approximation was implemented [46]. The measured hardness
of the thin ﬁlm deposited on a substrate can be expressed as a powerlow function of the substrate and the thin ﬁlm hardness, the depth of
nanoindentation and the thickness of thin ﬁlm [46]:

H ¼ HS

Hf
HS

M
ð1Þ

where: Hs – hardness of substrate, Hf – hardness of thin ﬁlm, and M –
dimensionless spatial function deﬁned by [47]:
M¼

1
1þA


h B
d

Fig. 2. SEM images of the titanium specimens with graphene layer.

ð2Þ

Fig. 3. Results of the measurement of graphene monolayer by AFM.

where A, B – adjustable coefﬁcients, h – maximum intender displacement, and d – thickness of thin ﬁlm.
Eq. (1) must satisfy essential boundary conditions: when the indentation depth approaches zero (small indentation displacements), the
measured hardness tends to the thin ﬁlm hardness, whereas when the
indentation depth approaches the thin ﬁlm thickness, measured hardness tends to the value of substrate hardness.
The abrasion resistance of the Nb2O5 thin ﬁlm was investigated
using a Summers Optical's Lens Coating Hardness Test Kit (EMS Acquisition Corp., USA). On the basis of the experiments, scratch resistance
was evaluated. For the purpose of abrasion resistance examination, a
steel wool test was carried out which consisted of rubbing the surface
of the prepared coating with 0 grade steel wool pad using an applied
load of 0.5 N. The steel wool pad was pressed on the surface of the coating with the given force and was moved across the surface of thin ﬁlm
for 75 cycles. The abrasion resistance test was performed for the transparent metal oxide coatings according to the well-acknowledged standard [48] and literature reports (e.g. [49]). The surface was examined
for scratch resistance by an optical microscope and a proﬁlometer.
Three-dimensional images of the surface of the investigated coating, before and after the scratch tests, were obtained with the aid of a TalySurf

Fig. 4. Results of the measurements of Nb2O5 thin ﬁlms by XRD.
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potentials, and polarization curves corresponding to every examined material were recorded. Prior to each polarization experiment, the samples
were immersed in the electrolyte for 1 h while monitoring open circuit
potential to establish steady state conditions. Each electrochemical measurements for the same material, was performed for three times. In the
paper, the most representative result was used. However, the differences
between the successive values of the open circuit potential (for the same
material) did not exceed 50 mV. A three-electrode cell arrangement was
applied using the Ag/AgCl electrode with a Luggin capillary as reference
electrode and a platinum wire as the auxiliary electrode (counter electrode). The measurements were carried out by means of an Autolab
EcoChemie System of the AUTOLAB PGSTAT 302N type equipped with
GPESv. 4.9 software in aerated solutions in room temperature. The values
of corrosion current densities (icorr) were obtained from the polarization
curves by extrapolation of the cathodic and anodic branch of the polarization curves to the corrosion potential [53].
3. Results and discussion
Fig. 5. SEM images of as-deposited Nb2O5 thin ﬁlm.

CCI Lite Taylor Hobson proﬁlometer. The depth of scratches and change
of roughness were evaluated.
2.5. Electrochemical measurements
Electrochemical measurements were carried out in 0.5 M/l NaCl, 2 g/l
KF, pH 2 adjusted by concentrated hydrochloric acid. The solution (0.5 M
NaCl, pH 2 2 g/l KF) in which the electrochemical measurements were
conducted is characterized by a high corrosivity compared to titanium alloys [50–52]. It is a more aggressive environment than that of typical electrolytes for corrosion tests (e.g. artiﬁcial saliva, SBF). The voltammetric
measurements (polarization curves) were carried out at a scan rate of
1 mV/s within the range of −150 mV to 1000 mV versus open circuit

Fig. 6. AFM images (a) and cross-section topography (b) of deposited thin ﬁlm.

3.1. Structural characterization graphene/Ti–Al–V system and niobium
pentoxide/Ti–Al–V system
3.1.1. Raman characterization of graphene/Ti–Al–V system
Fig. 1 shows the comparison of graphene/Ti–Al–V Raman spectra
collected in three different places on the sample. In Table 2 there are
presented all important parameters of the spectrum i.e. position of the
peaks G, D and 2D and their intensities, which indicate the quality of
the graphene layer. The Raman measurements have been repeated

Fig. 7. XPS spectra of deposited Nb2O5 thin ﬁlm.
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Fig. 8. Results of investigation of Nb2O5 hardness.

several times in many places on the samples (only representative data
shown in Fig. 1), conﬁrming the uniformity of the quality of the deposited graphene monolayer.
The large G/2D ratios ~0.2, obtained for all measurement points indicate that on the titanium alloy surface, there exists a single layer of
graphene [41,42]. Small D peak (~1350 cm−1) intensity indicates that
the obtained on titanium alloy surface single layer of graphene has no
defects, which proves that it has not been damaged during transfer process on the Ti–Al–V surface.
3.1.2. Structural characterization of graphene/Ti–Al–V system
In Fig. 2, SEM image of the surface of the Ti–Al–V/graphene system is shown. The deposited graphene coating was crack-free, no
discontinuous coating was observed and the surface morphology
was homogeneous.
The two-dimensional AFM image is shown in Fig. 3. As in the case of
SEM measurements (as shown in Fig. 2), the AFM measurements show
no cracks and no discontinuities for the graphene monolayer deposited
on titanium alloy surface. The surface of graphene was ﬂat and homogenous. The titanium alloy regions under the graphene ﬂakes were
pristine and shiny, which indicates that these regions were not oxidized.
3.1.3. Structural characterization of niobium pentoxide/Ti–Al–V system
The thickness of the deposited thin ﬁlm was equal to 210 nm. The
investigated ﬁlm deposited by reactive magnetron sputtering in pure
oxygen plasma was amorphous since no characteristic peaks were
observed in the XRD pattern (Fig. 4). The amorphous structure of the

deposited thin ﬁlm may be a result of the low temperature of the
sputtering process and the fact that substrate was not additionally heated during deposition.
In Fig. 5 SEM image of the surface of the investigated thin ﬁlm is
shown. The deposited Nb2O5 thin ﬁlm was crack-free, exhibited good
adherence to the substrate, no discontinuities of the thin ﬁlm were observed and the surface morphology was homogeneous. The particles
were visible in the image of a nioba thin ﬁlm and had uniform shape.
The AFM measurements were performed in order to extend the information regarding the surface topography of the Nb2O5 coating. The
two-dimensional AFM image is shown in Fig. 6a. The surface of Nb2O5
was crack-free, densely packed and composed of visible grains, whose
height was ca. 6–10 nm. It was conﬁrmed by the cross-section topography of the surface that is also presented in Fig. 6b.
The height distribution of grains is symmetric, which proves its homogenous surface and the calculated root mean square (RMS) was
found to be equal to 2.2 nm ± 0.5 nm.
The XPS measurements were performed to determine the chemical
states of the niobium and oxygen on the surface of the prepared thin
ﬁlm. In Fig. 7 the Nb3d and O1s core level spectra are presented for
as-deposited Nb2O5 coating. The position of the Nb3d doublet and the
separation energy width equal to 2.7 eV between the peak of Nb3d5/2
and Nb3d3/2 indicates on the Nb5+ oxidation state, what is an evidence
of the formation of Nb2O5 oxides [54,55]. The representative O1s XPS
spectra for the deposited thin ﬁlm were deconvoluted into two components related to the lattice oxygen of nioba oxides at ca. 530.2–530.4 eV
and oxygen bonded on the surface at ca. 532.1–532.6 eV [55]. The lower
peak located at higher binding energy is attributed to adsorbed water
molecules (H2Oads) and hydroxyl radicals (OH−). The results obtained
for the O1s oxidation state revealed that the summarized level of the oxygen related to the H2Oads and OH- is equal to ca. 24.8% of the oxygen
bonds overall occurring at the surface of the investigated thin ﬁlm.

3.2. Mechanical properties
The hardness values of the titanium alloy, prepared niobium pentoxide layer and graphene monolayer were measured by nanoindentation
and determined by an approximation method. For the pure titanium
alloy and titanium alloy covered by graphene monolayer, hardness
values were measured at a constant depth equal to 80 nm. It is the
smallest depth, for which the correct results have been obtained. The
obtained values for the investigated ﬁlms were based on the average
of the ﬁve measured points. Additionally, the RMS error was calculated.
The determined hardness was equal to (5.64 ± 0.21) GPa for the uncoated titanium alloy (5.62 ± 0.22), GPa for titanium alloy covered by
graphene monolayer and 8.64 GPa for Nb2O5 layer (Fig. 8). As compared
to the results presented in the literature reports, the hardness of the

Fig. 9. Optical microscopy images of as-deposited Nb2O5 coating before (left side) and after (right side) performing scratch tests.
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investigated Nb2O5 thin ﬁlm is higher by ca. 50% [55], 53% [56] and 46%
[57]. RMS error for hardness approximation was equal to 0.12 GPa for
pure Nb2O5.
Graphene layer deposited on titanium alloy surface is practically not
seen by nanoindenter during measurements. Therefore, the measurement did not reveal changes of titanium alloy surface hardness after
graphene deposition (compared to pure titanium alloy), and was
equal to 5.62 GPa.
The obtained result showed that only a niobium pentoxide layer
deposited on titanium alloy surface can be considered as a coating
that improves the surface hardness of the Ti6Al4V alloy.

Fig. 11. Open circuit potentials (a) and polarization curves (b) of titanium alloy in various
chloride solutions.

The tribological properties of the prepared thin ﬁlm were determined using steel wool test with the applied load of 0.5 N. The optical
microscopy images (Fig. 9) of pure nioba showed that no signiﬁcant
scratches were observed on the surface of the thin ﬁlm.
The depth of scratches was evaluated with the aid of a Taylor Hobson
proﬁlometer and the results of these investigations are shown in
Fig. 10a–c.
As in the case of the optical microscope measurements (as shown
in Fig. 9), during the proﬁlometry investigation, no signiﬁcant
scratches were found for nioba thin ﬁlm. The cross-section topographies of the investigated thin ﬁlm after scratch tests are also presented in Fig. 10c.
The mean arithmetical surface height measured with the aid of the
optical proﬁlometer changed from 0.53 nm for as-deposited undoped
nioba to 0.55 nm after performing scratch tests. Therefore, the prepared
thin ﬁlm may be considered scratch resistant coating.

Table 3
Inﬂuence of the electrolyte composition on the electrochemical parameters of the Ti6Al4V
titanium alloy obtained from polarization curves.

Fig. 10. Optical proﬁlometry investigation results before (a), after (b) scratch tests and
cross-section topographies (c) of Nb2O5 thin ﬁlm.

Electrolyte solution

icorr [nA/cm2]

Ecorr [V]

0.5 M NaCl; pH 5.7
0.5 M NaCl; pH 2
0.5 M NaCl; pH 5.7; 2 g/l KF
0.5 M NaCl; pH 2; 2 g/l KF

12.7
15.9
30.6
60500.0

−0.275
−0.113
−0.275
−1.188
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Fig. 12. Polarization curves of titanium alloy with deposited Nb2O5 thin ﬁlm and graphene
monolayer in 0.5 M/l NaCl, 2 g/l, pH 2 electrolyte solution.

The change of corrosion potential depending on a type of electrolyte
was also observed. In neutral NaCl, Ecorr was − 0.275 V, while for the
acid solution with F− ions Ecorr = − 1.188 V. In 0.5 M/l NaCl, 2 g/l KF,
pH 2 solution the corrosion potential was more negative, so closer to
the potential of pure metal titanium.
Fig. 12 presents polarization curves of titanium alloy and titanium
alloy with deposited Nb2O5 and graphene in 0.5 M/l NaCl, 2 g/l KF,
pH 2 electrolyte solution. The thin ﬁlms on the surface of titanium
alloy caused a signiﬁcant decrease in the value of corrosion current densities (icorr) (Table 4). However, the smallest corrosion current density,
i.e. the better corrosion properties, was obtained for sample covered
by monolayer of graphene. The presence of thin ﬁlms on the surface of
titanium alloy also resulted in changes in the value of corrosion potentials Ecorr (Table 4). In this case, the biggest change of Ecorr was observed
for the samples with the monolayer of graphene. The shift of the corrosion potential in the noble direction decreases the electrochemical activity of the surface. This results in the improvement of corrosion
resistance of the titanium alloy which is caused by the presence of the
graphene monolayer.
4. Summary

The scratch resistance properties and the hardness properties of
Nb2O5 thin ﬁlm deposited on titanium alloy surface would be beneﬁcial
for the long-term performance of implants. Such coating would prevent
the deterioration of the surface of biomaterials caused by various environmental hazards.
In the case of graphene layer, the obtained results showed that
graphene monolayer deposited on titanium alloy surface was not resistant to abrasion. It was very easy to scratch and remove it from the
titanium alloy surface, without the use of tools.

3.3. Corrosion properties
To show the effect of the solution type and pH on the corrosion properties of titanium alloys, four kinds of solutions were used and compared: neutral sodium chloride (0.5 M NaCl, pH 5.7), neutral sodium
chloride with F− (0.5 M NaCl, pH 5.7, 2 g/l KF), acid sodium chloride solution (0.5 M NaCl, pH 2) and acid sodium chloride solution with the addition of ﬂuoride ions (0.5 M NaCl, 2 g/l KF, pH 2). Fig. 11 illustrates the
effect of electrolyte type on the course of open circuit potentials and on
the polarization curves for Ti6Al4V titanium alloy. The results of measurements of electrochemical parameters of the samples obtained
from these curves are collected in Table 3.
The obtained results present a clear evidence that corrosion properties of titanium alloy strongly depend on composition of the used electrolyte. The lower rate of corrosion processes expressed by the lower
corrosion current icorr, was observed in the neutral solution. In this
kind of solution the titanium oxides may appear on the surface of the
metal. This passivation layer isolates the surface, resulting in a decrease
of corrosion current.
The use of acid solution containing ﬂuoride ions as the electrolyte solution leads to a signiﬁcant increase in the rate of corrosion processes,
and expressed an increase of corrosion current from 0.01 μA/cm2 in
neutral solution to 60,500 nA/cm2.

Table 4
Electrochemical parameters of the samples obtained from polarization curves in
0.5 M/l NaCl, 2 g/l KF, pH 2 electrolyte solution.
Sample

icorr [μA/cm2]

Ecorr [V]

Ti6Al4V
Ti6Al4V/Nb2O5
Ti6Al4V/Graphene

60.50
0.24
0.01

−1.188
−0.401
0.011

Based on structural, mechanical and electrochemical measurements,
the following conclusions can be drawn:
– The Nb2O5 thin ﬁlm deposited by reactive magnetron sputtering is
amorphous, crack-free, exhibits good adherence to the substrate
and has homogeneous surface morphology.
– Deposition of pure nioba thin ﬁlm on titanium alloy surface improves its surface hardness and corrosion properties. The hardness increases from 5.64 GPa (for titanium alloy) to 8.64 GPa
(for Nb2O5 thin ﬁlm). The corrosion current density signiﬁcantly
decreases from 60.50 μA/cm2 (for titanium alloy) to 0.24 μA/cm2
(for Nb2O5/Ti6Al4V alloy system). The Nb2O5 thin ﬁlm is characterized by higher corrosion resistance.
– Graphene monolayer deposited on titanium alloy surface does
not change surface mechanical properties of titanium alloy.
However, there is considerable improvement to its corrosion
properties in comparison with a nioba thin ﬁlm (210 nm) in
0.5 M/l NaCl, 2 g/l KF, pH 2 electrolyte solution. The value of
the corrosion current densities for graphene/Ti–Al–V alloy
system was equal 0.01 μA/cm 2 while for nioba/Ti–Al–V alloy
system – 0.24 μA/cm 2 . Graphene monolayer caused also the
shift of corrosion potential towards noble direction.

The obtained results have shown that niobium pentoxide layer and
graphene monolayer deposited on titanium alloy surfaces, can be considered as a barrier coatings for the Ti6Al4V alloy. They protect its surface
against corrosion processes, which take place on pure titanium alloy
surface in very aggressive environments. Instead, only the Nb2O5 layer
improved titanium alloy mechanical properties (i.e. surface hardness
and wear resistance) and protects the titanium surface from the release
of toxic products of corrosion and the abrasion process to the environment, which can cause allergies and metalosis.
It appears reasonable to perform combination of two types of coatings with hybrid system, which improves mechanical and corrosion
properties of the titanium alloy surface. The proposed hybrid system is
composed of mechanically resistive niobium pentoxide layer and
graphene monolayer, which is characterized by very high corrosion
resistance. But in this case, much more experimental work needs to be
performed.
In the next step, the durability of corrosion and mechanical properties of hybrid systems during temporary exposure in corrosive environments (artiﬁcial saliva, SBF etc.) and also biocompatibility investigations
will be performed.
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