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In this paper comparative studies on the structural, mechanical and corrosion properties of Nb2O5 thin film and
Nb2O5+Graphene, Nb2O5+CuO andNb2O5+CuO+Graphene composite thin films on Ti6Al4V titanium alloy
have been investigated. The layers on which the Nb2O5 and Nb2O5 + CuO were deposited by the magnetron
sputtering method were crack free and exhibited good adherence to the substrate, and the surface morphology
was homogeneous. The graphene transferred on to the Nb2O5 as a single layer without defects. The hardness of
the Nb2O5was approx. 4.78GPawhile theNb2O5+CuOhad a hardness of 9.19GPa. The graphene coating had no
effect on surface hardness but it decreased the electrochemical activity. The best corrosion resistance was
displayed by the Ti6Al4V sample with an Nb2O5 + Graphene thin film.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium alloys are materials characterised by excellent mechanical
properties, i.e. low specific gravity, good yield strength and amodulus of
elasticity allowing for the transfer of heavy loads. They are also highly
resistant to corrosion processes in an aqueous and biological environ-
ment and, compared to other metallic materials, are characterised by
biocompatibility [1–4]. These features have allowed the use of titanium
alloys as a construction material in many applications, such as in the
chemical and petrochemical industry, automotive industry, as well as
for biomedical applications - implants [5]. Titanium belongs to a highly
reactive group of materials having a very negative normal potential.
This potential also reflects the high affinity of titanium for oxygen and
the creation of a stable and passive oxide layer on the metal's surface,
closely adhering to the surface of the metal. The passive layer is built
from a mixture of titanium oxides, mainly from TiO2, Ti2O3 and TiO [6,
7]. An oxide layer is formed not only on the surface of pure titanium
but also on the surface of titanium alloys. The tight oxide layer acts as
a barrier between the environment surrounding the metal alloy and
its surface resulting in the inhibition of corrosion processes, which
elny).
results in thehigh corrosion resistance of titaniumalloys [8] inmanyen-
vironments. However, in an acidic pH (pH approx. 2) environment the
protective layer is unstable and the corrosion processes relating to me-
tallic Ti or its alloys are initiated. This phenomenon is accelerated in the
presence of aggressive ions such as fluoride ions [9–12]. In an acidic en-
vironment containing F− ions the protective oxide layer ceases to fulfil
its function. Therefore, it is necessary to modify the surface in order to
improve the corrosion resistance of Ti alloys in aggressive environ-
ments. Such conditions of operation or use of titanium alloys can exist
in many applications, such as biomedical applications, mainly dental
implants. In dental applications, titanium alloys are exposed to an ag-
gressive environment: fluoride ions and low pH. Corrosion processes
also cause a loss of mechanical properties [13] and can lead to damage
to the implant. Another effect of corrosion processes is the emission of
harmful substances, and can lead to metalosis [14]. Therefore, it is nec-
essary to modify the surface of titanium alloys in order to: increase the
corrosion resistancewhile increasing themechanical parameters, main-
ly wear resistance.

The application of oxide coatings for the protection of the surface of
metal implants can be a good solution to such problems. One of thema-
terials that can be applied in this area is niobium oxide. Nb2O5 (niobia)
exhibits high corrosion and wear resistance. Nb2O5 has been investigat-
ed as a possible candidate for corrosion coatings [15] and is
characterised by good biological compatibility [16–18]. Coatings applied

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2016.07.049&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2016.07.049
mailto:marcin.grobelny@its.waw.pl
http://dx.doi.org/10.1016/j.tsf.2016.07.049
http://www.sciencedirect.com/science/journal/00406090
www.elsevier.com/locate/tsf


Table 1
Composition of Ti6Al4V titanium alloy.

Components, wt.%

C Fe N O Al V Ti

Standard 0.08 0.25 0.05 0.20 5.50–6.75 3.5–4.5 balance
Analysed 0.08 0.09 0.05 0.20 5.83 4.08 balance

Fig. 1. Polarization curves of (a) and (b) open circuit potential of Ti6Al4V in different
compositions of electrolyte solutions.
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by magnetron sputtering improve the corrosion resistance and surface
hardness of stainless steel dental implants [19]. Also, niobium oxide
films, produced by the sol-gel method, showed good biological compat-
ibility [16–18] and good apatite-inducing ability by immersion in an SBF
solution [20].

Carbon based nanomaterials have attracted considerable attention
for their improved performance in the fields of catalysis, electronics, en-
vironmental technologies and corrosion protection. A graphene layer
formed on copper using the CVD technique significantly reduces the
rate of the corrosion processes occurring on its surface. Corrosion tests
performed by electrochemical techniques in a solution of NaCl showed
a reduction in the corrosion current density and a corrosion potential
shift towards a more positive range [21–23]. However, during the long
exposure of copper with a layer of graphene, also in a solution of NaCl,
a gradual deterioration of the protective properties of the graphene
[24] occurs. Simultaneously, tests were conducted on the influence of
a graphene layer on the corrosion properties of materials on which
graphene cannot be formed directly. In such cases, it is necessary to
transfer graphene from a substrate – on which it can be directly pre-
pared (e.g.: Cu, Ni – with the preparation of graphene using the CVD
technique) – to other materials, for example metal alloys. In the case
of a graphene layer transferred from a Cu substrate to Al, an increase
in the corrosion current density was observed, and hence a deteriora-
tion of corrosion resistance [25]. Graphene can be used to improve cor-
rosion properties in microbial corrosion conditions [26] as well as in
composite materials, i.e. in Ni-graphene coatings [27] and polyaniline-
graphene coatings [28]. In this work, the surface, structural, mechanical
and corrosion properties of Nb2O5, Nb2O5 + CuO and thin film systems
of Nb2O5+Graphene and Nb2O5+ CuO+Graphene on Ti6Al4V titani-
um alloy have been investigated.

2. Experimental procedure

2.1. Sample preparation

Ti6Al4V titanium alloy was used as the substratematerial. The nom-
inal composition of this alloy and the results of the analysis are listed in
Table 1. The surface of the samples was polished on emery papers and
diamond suspension up to 0.05 μm to a “mirror image”.

2.2. Nb2O5, Nb2O5 + CuO thin film preparation

Nb2O5 and Nb2O5 + CuO films were prepared using the magnetron
sputteringmethod and innovativemultitarget apparatus for the deposi-
tion process [29–31]. Upon deposition, this system produces composite
coatings for up to four targets. In this work, metallic niobium (99.999%)
and copper (99.95%) targets with a diameter of 30 mmwere sputtered
in a pure oxygen atmosphere. Both magnetrons, with Cu and Nb discs,
were independently powered by individual power supplies. The
Table 2
Composition of solutions used in electrochemical measurements.

Solution Composition

Neutral chloride solution 0.5 M NaCl, pH = 5.7
Acid chloride solution 0.5 M NaCl, 2 g/l KF, pH = 2
Ringer's solution 0.5 M NaCl, 2.16 10−4 M CaCl2, 0.006 M KCl,

0.02 M NaHCO3, pH = 7.8
distribution of the power supplied to each magnetron and their
sputtering time were precisely controlled, which was possible owing
to the application of a special control system that manages the work
of theMSS2 (DORA Power System) power supply units. The power sup-
plied to the Nb and Cu targets was 430W and 380W, respectively. The
distance between the targets and substrates was 160 mm. The
sputtering system was also equipped with vacuum gauges and a gas
flow control system that involves mass-flow controllers. The base pres-
sure in the deposition chamber was approx. 1.5 · 10−2 Pa, while during
the sputtering process it rose to 2 · 10−1 Pa. One set of pure niobia and
one set of niobia with the copper added were prepared. In the case of
the coatings with the copper added, their surfaces were additionally
covered with a very thin (in the range of single nanometres) pure
Nb2O5 film. Thin films were deposited on various substrates: silicon
and glass (fused silica SiO2 and Corning 7059) with a size of
20 × 20 mm2 and Ti alloy with a diameter of 14 mm. Silicon substrates
were used to assess thematerial composition of the deposited coatings,
while glass substrates were used for determining the structural and sur-
face properties. The thickness of the thin filmswas determinedwith the
use of a TalySurf CCI Lite Taylor Hobson profiler and was measured at
Table 3
Influence of the electrolyte composition on the electrochemical parameters of the Ti6Al4V
titanium alloy obtained from the polarization curves.

Electrolyte icorr [μA/cm2] Ecorr [V]

Ringer's solution 0.08 −0.540
Neutral chloride solution 0.01 −0.275
Acid chloride solution 60.50 −1.188



Fig. 2. Polarization curves of Ti6Al4V with thin films in acid chloride solution with F− ions
(0.5 M NaCl, 2 g/l KF, pH = 2).

Table 4
Electrochemical parameters of the prepared thin films on Ti6Al4V alloy obtained from po-
larization curves in the 0.5 M NaCl, 2 g/l KF, pH = 2 electrolyte solution.

Sample icorr [μA/cm2] Ecorr [V]

Ti6Al4V 60.50 −1.188
Ti6Al4V + Nb2O5 0.09 −0.251
Ti6Al4V + Nb2O5 + CuO 9.93 0.262
Ti6Al4V + Nb2O5 + Graphene 0.01 0.299
Ti6Al4V + Nb2O5 + CuO + Graphene 0.11 0.360

Fig. 4. Results of X-ray microanalysis showing the secondary electron image with the
distribution of Nb, Cu and O elements in the Nb2O5 + CuO thin film.
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180 nm and 310 nm for the Nb2O5 and Nb2O5 + CuO thin films,
respectively.
2.3. Graphene synthesis and transfer

The graphene monolayers were grown on copper foil using the
chemical vapour deposition (CVD) technique. For this purpose a
home-made CVD set based on a BlueMTube Furnace with a 1-inch di-
ameter reactor tube was used. As-grown graphene was transferred on
to the titanium alloy substrate using the “PMMA-mediated” method
[32]. We used PMMA (495 K, about 100 nm thick), which was spin-
coated on graphene and dried for 24 h at room temperature. Next, the
graphene from the back side of the copper foil was etched using a reac-
tive ion etching method in oxygen plasma (PlasmaLab 80+, Oxford In-
struments). After that, the exposed Cu foil was dissolved in an aqueous
etchant of iron (III) nitrate for several hours and the graphene/PMMA
part was cleaned in DI (deionized) water. Next, ion particles were
Fig. 3. SEM images of as-deposited: a) Nb2O5 a
removed with a hydrochloric acid solution, hydrogen peroxide as the
catalyst was dissolved in water. After the cleaning steps the PMMA/
graphene layer was transferred on to the titanium alloy substrate and
annealed in order to remove the water and increase adhesion between
the graphene and the surface. At the end, the PMMAwas removed using
acetone. The quality and number of transferred layers were evaluated
by Raman spectroscopy (InVia Renishaw Spectrometer, 514 nm laser
line, 1 mW of laser power, room temperature).

2.4. Electrochemical measurements

The corrosion behaviour of titanium alloy and alloy with coatings
was examined using a three electrode cell set-up. In this set-up, the tita-
nium alloy and titanium alloy with surface modification was used as a
working electrode, while platinum and Ag/AgCl electrodewith a Luggin
capillary as counter and reference electrodes, respectively. Electro-
chemical measurements were carried out in the tested chloride solu-
tions and are shown in Table 2.

The applied potential window for corrosion study was from
−150 mV to 500 mV (versus open circuit potentials) at a scanning
rate of 1 mV/s. Prior to each polarization experiment the samples
were immersed in the electrolyte for 1 hwhile monitoring the open cir-
cuit potential to establish steady state conditions. The measurements
were carried out by means of an Autolab EcoChemie System of the
Autolab PGSTAT 302N type equippedwith GPES software in aerated so-
lutions at room temperature. Corrosion potential (Ecorr) and corrosion
nd b) Nb2O5 + CuO composite thin films.



Fig. 5. Results of: a) XRD and b) Raman measurements of as-deposited Nb2O5 and Nb2O5 + CuO thin films.
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current density (icorr) were determined from the extrapolated data of
the cathodic and anodic parts of the potentiodynamic polarization test
or Tafel plot [33].

2.5. Mechanical properties

The abrasion resistance of the prepared coatings was investigated
using a Summers Optical's Lens Coating Hardness Test Kit. This appara-
tus is used for measurement according to American military standards
(MIL-C-00675, MIL-M-13508 as well as MIL-F-48616). For the purpose
of testing scratch resistance, a steel wool test was carried out
Fig. 6. AFM images and height distribution of the size of the particles in the
and consisted of rubbing the surface of the prepared thin films with a
0-grade steel wool pad using an applied load of 0.5 N. The steel wool
pad was pressed on to the surface of the coating with selected force
and the surface of the thin films was surface for 75 cycles. Any observed
damagewas noted - no deep scratching is allowed; however ‘scuffing’ is
deemed acceptable after a full 75 cycles of testing. The abrasion resis-
tance test was carried out for the transparent metal oxide coatings ac-
cording to well-acknowledged standard [34] and literature reports
[35]. The surface was examined for scratch resistance using an optical
microscope and profiler. Three-dimensional images of the surfaces of
the coatings before and after the scratch tests were obtained with the
Z direction of the deposited thin films: a) Nb2O5 and b) Nb2O5 + CuO.



Fig. 7. XPS spectra of deposited: a) Nb2O5 and b) Nb2O5 + CuO thin films.
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aid of a TalySurf CCI Lite Taylor Hobson profiler. The depth of scratches,
aswell as any changes in roughness, were evaluated. The hardnessmea-
surements of the coatings were performed using a nanoindenter
manufactured by CSM Instrument and equipped with a diamond
Vickers indenter. The compound hardness was calculated using the
method proposed by Oliver and Pharr [36]. Each data point represents
an average of five indentations. A number of measurements were
taken at various depths of nanoindentation (from 80 nm to 700 nm).
In order tomeasure the “film-only” properties andminimise the impact
of the substrate, amethod for approximating the nanoindentationmea-
surements was implemented. The measured hardness of the thin films
deposited on the substrate can be expressed as a power-low function
of the substrate and the thin film hardness, the depth of nanoindenta-
tion and the thickness of the thin film [36]:

H ¼ HS
H f

HS

� �M

ð1Þ

where:Hs –hardness of substrate, Hf –hardness of thinfilm,M – dimen-
sionless spatial function defined by:

M ¼ 1

1þ A h=dð ÞB
ð2Þ

where: A, B – adjustable coefficients, h – maximum intender displace-
ment, d – thickness of thin film. The Eq. (1) must fulfil essential bound-
ary conditions: when indentation depth approaches zero (small
indentation displacements), the measured hardness tends towards the
thin film hardness, whereas when indentation depth approaches the
thickness of the thin film, the measured hardness tends towards the
value of the substrate hardness.
2.6. Structural characterization

The elemental composition as well as images of the surfaces of the
prepared thin films were obtained with the aid of a FESEM FEI Nova
NanoSEM 230 scanning electron microscope equipped with an EDAX
detector. The structural properties of the Nb2O5 and Nb2O5 + CuO
thin filmswere determined based on the results of the X-RayDiffraction
(XRD) method. For the measurements, a Siemens 5005 powder diffrac-
tometer with Co Kα X-ray (1.78897 Å) was used. The XRD studies were
performed using a Co lamp filtered by Fe (30 mV, 25 mA); the step size
was 0.02° in the 2θ range, while the time-per-step was 5 s.

Raman spectra of prepared Nb2O5 and Nb2O5+ CuO thin films were
measured using a Thermo Scientific DXR™ Raman Microscope instru-
ment equipped with a CCD camera detector. The spectra were recorded
in the range of 150 to 1100 cm−1 with a resolution of b1 cm−1 and the
spot size had a diameter of approx. 1.8 μm. The excitation source was a
455 nm blue laser diode at a power of 6 mW, avoiding laser-induced
crystallization of the films. 10 scans were performed for each sample
with an exposure time of 80 s.

To determine the surface topography properties, the AFM mea-
surements were performed by the UHV VT AFM/STM Omicron atom-
ic force microscope operating in ultra-high vacuum conditions in
contact mode. WSxM ver. 5.0 software was used to analyse the ex-
perimental data [37]. XPS studies were performed to determine the
chemical states of the niobium, copper and oxygen at the surface of
the thin films with the aid of a Specs Phoibos 100 MCD-5 (5 single
channel electron multiplier) hemispherical analyser using a Specs
XR-50 X-ray source with an Mg Kα (1253.6 eV) beam. The results
of the measurements were then analysed with the aid of CasaXPS
software. All spectra were calibrated with respect to the binding en-
ergy of adventitious C1s peak at 284.8 eV.



Fig. 8. Raman spectra obtained for graphene on the surface of (a) Nb2O5 and on
(b) Nb2O5 + CuO thin films.

Fig. 9. Optical microscopy and profilometry investigation results after perform
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3. Results and discussion

3.1. Corrosion studies

First, corrosion studies are carried out for titanium alloy samples in
three different electrolytes, namely Ringer's solution, neutral sodium
chloride (0.5 M NaCl, pH = 5.7) and an acid sodium chloride solution
with the addition of fluoride ions (0.5 M NaCl, 2 g/l KF, pH = 2). Fig.
1a illustrates the effect of these kinds of electrolyte on the polarization
curves for Ti6Al4V titanium alloy and the results obtained from these
curves are collected in Table 3.

The results obtained show clear evidence that the corrosion proper-
ties of titanium alloy strongly depend on the composition of the electro-
lyte used. The highest values of corrosion current density, and thus the
lowest corrosion resistance, were observed in an acid sodium chloride
solutionwith the addition offluoride ions. The corrosion resistance of ti-
tanium alloys is related to the presence of the protective layer of
titanium-base oxides on the alloy surface. The layer of oxides form a
barrier between the surrounding environment and the underlying me-
tallic titanium. In acid solutions (pH approx. 2)with F− ions this layer is
unstable. During the exposure of Ti alloy in an electrolyte solution, the
gradual solubilization of the oxide layer occurs. This is evidenced by
the course of the open circuit potential value (Fig. 1b.). After about
2400 s a sharp decline in the value of the potential from −0.75 V to
−1.20 V takes place. For other electrolytes the courses of the OCP
(open circuit potential) and the values of the corrosion current density
are similar. It is observed that the corrosion potential of Ti alloy in an
acid chloride solution with F− ions is shifted towards a more negative
value, so, closer to the potential of the metal without the oxide layer,
compared to Ti alloy in neutral chloride and Ringer's solution. All this
leads to a significant increase in the rate of the corrosion processes,
expressed in an increase of the corrosion current density from
0.01 μA/cm2 in a neutral solution to 60.50 μA/cm2 in an acid solution
containing fluoride ions.

In the next stage of the work, the corrosion properties of titanium
alloywith thin film coatings in themost corrosive electrolyte containing
0.5 M NaCl, 2 g/l KF, pH = 2 was performed. Fig. 2 presents the polari-
zation curves of the titanium alloy and titanium alloy with thin films.
The calculated corrosion current (icorr) tabulated in Table 4 was found:
ing scratch tests on as-deposited coatings: a) Nb2O5 and b) Nb2O5 + CuO.



Fig. 10. Results of hardness investigation for: a) Nb2O5, Nb2O5 + CuO;
b) Nb2O5 + Graphene, Nb2O5 + CuO + Graphene thin films.

Table 5
Results of hardness investigation and A, B coefficients used in approximating the nanoin-
dentation measurements.

Sample H [GPa] A B

Ti6Al4V + Nb2O5 4.78 0.21 20.9
Ti6Al4V + Nb2O5 + CuO 7.19 5.58 3.31
Ti6Al4V + Nb2O5 + Graphene 4.78 0.52 22.4
Ti6Al4V + Nb2O5 + CuO + Graphene 7.19 5.41 4.24
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0.09 μA/cm2, 9.93 μA/cm2, 0.01 μA/cm2, 0.11 μA/cm2 for Nb2O5,
Nb2O5+ CuO, Nb2O5+Graphene, andNb2O5+ CuO+Graphene coat-
ings, respectively. The above results show that a low corrosion rate and
high electrochemical corrosion resistance was achieved by all thin film
coatings over the titanium alloy surface. However, the smallest corro-
sion current density and the best corrosion properties, were obtained
for Nb2O5 + Graphene thin film. The addition of copper to the Nb2O5

film decreases the corrosion resistance followed by an increase in the
value of the corrosion currents. However, the addition of copper result-
ed in a shift of the corrosion potential towards the positive potentials,
i.e. the potential characteristics of a metal of low electrochemical activ-
ity. The use of graphene layers on the niobia coatings also improved the
corrosion properties of the thin films. This is particularly noticeable in
the case of Nb2O5 + CuO where the value of the icorr decreased from
9.93 μA/cm2 to 0.11 μA/cm2.

3.2. Structural surface characterization

The deposited coatings on titanium alloy were crack free and no dis-
continuation of the thin film was observed (Fig. 3). In the case of the
pure Nb2O5 coatings the SEM results showed that the surface consisted
of visible particles of various sizes, while the surface morphology of the
Nb2O5 + CuO composite thin film was homogeneous and no particles
were present.

The material composition of the deposited thin films was measured
using x-raymicroanalysis. In the case of Nb2O5 the atomic concentration
of the Nb and O elements was equal to approx. 29 at.% and 71 at.%, re-
spectively. Furthermore, for Nb2O5+CuO (Fig. 4) the atomic concentra-
tion of Nb, Cu and O elements was equal to approx. 16.5 at.%, 21.2 at.%
and 62.3 at.%, respectively. Additionally, the amount of copper was
equal to approx. 54 at.% taking into consideration the signals of niobium
and copper only. Results have also shown that the distribution of each
element (Nb, Cu, O) was homogenous.

Bymeans of the XRDmethod, both thin filmswere amorphous since
no characteristic peaks fromniobiumor copper oxideswere observed in
the XRD patterns (Fig. 5a). The thin films were deposited by reactive
magnetron sputtering in pure oxygen plasma, and the amorphous na-
ture of these coatings may be the result of the low temperature of the
sputtering process. In turn, Raman scattering is a very powerful tool
for the structural analysis of thin film coatings since it is sensitive to
their crystallinity and microstructure. Thus, Raman investigations
were performed for further microstructure analysis. Raman bands for
crystalline Nb2O5 should be clearly visible at 240, 264, 308, 472, 552,
632, 664, 848, 904 and 996 cm−1 as was stated by Huang et al. and
Palatnikov et al. [38–40]. The Raman measurements of the deposited
Nb2O5 andNb2O5+CuO thinfilms (Fig. 5b) confirmed their amorphous
character since the peaks obtained were weak and very broad. These
weak Raman bands were obtained at approx. 660 cm−1 and
250 cm−1. Similar results were reported by Ohuchi et al. [41]. An addi-
tional peak at approx. 495 cm−1 is related to theCorning glass substrate.
Also in the case of copper oxide no peaks related to its crystalline phase
were observed.

Information about the surface topography of the sputtered thin films
was extended by themeasurements performedwith the aid of an atom-
ic forcemicroscope (AFM). Images of the surface andheight and the dis-
tribution of the size of the particles of the Nb2O5 and Nb2O5 + CuO
composite coatings are shown in Fig. 6. In the case of the Nb2O5 thin
film, its surface was crack-free and composed of visible particles of var-
ious sizes. Additionally, for the Nb2O5 + CuO composite coatings, the
addition of copper meant that a much flatter and smoother surface
was obtained; no particles were visible and the surface was more ho-
mogenous when compared to pure niobia. The AFM measurements
seem to confirm the results obtained by the scanning electron micro-
scope for both thin films. The height distribution of the deposited thin
filmswasmore or less symmetrical and the calculated rootmean square
(RMS) surface roughness was found to be approx. 16.5 nm and 7.0 nm
for the Nb2O5 and Nb2O5 + CuO, respectively.

The chemical states of the niobium, oxygen and copper on the sur-
face of the deposited thin filmswere determined byXPSmeasurements.
In Fig. 7 the Nb3d, O1s and Cu2p core level spectra are presented for the
Nb2O5 and Nb2O5 + CuO thin films. For both thin films the position of
the Nb3d doublet and the separation energy width of approximately
2.7–2.8 eV between the Nb3d5/2 and Nb3d3/2 peaks indicates the pres-
ence of anNb5+ oxidation state. Therefore, this result testifies to the for-
mation of Nb2O5 oxides [42,43]. The O1s core level spectra for the
deposited thin films were deconvoluted into two components, which
were related to the oxygen lattice of the niobia and copper oxides at
approx. 530.2 eV and oxygen bonded on the surface at approx. 532.4–
532.6 eV [42]. The peak located at approximately 532.4–532.6 eV is at-
tributed to hydroxyl radicals (OH−) and absorbed water molecules
(H2Oads). Results obtained for the O1s oxidation state revealed that
the summarised level of the oxygen related to the H2Oads and OH– is
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equal to approx. 49.4% and 32% of the overall oxygen bonds occurring at
the surface of the investigated Nb2O5 and Nb2O5 + CuO thin films, re-
spectively. Despite that, in the case of the Nb2O5 + CuO thin films,
their surface was additionally covered with a very thin undoped
Nb2O5 layer; a signal related to the Cu2p core level was also visible.
This may be the result of the well-known migration properties of cop-
per. In the Cu2p3/2 area, the main peak is related to Cu2+. The shake-
up satellite peaks visible in the Cu2p XPS spectra confirm the presence
of Cu2+ species [44,45], which is crucial in the case of the antibacterial
properties of such coatings and can be beneficial for the purpose of
their application as a biomaterial. In the case of the Nb2O5 + CuO thin
films under examination, it can be assumed that copper on the surface
was fully oxidized owing to its well known oxidation ability and that
the sputtering process was conducted in pure oxygen plasma. CuO
was present on the surface of this coating.

Raman spectroscopy was used to determine the structure of the
transferred graphene layer on the Nb2O5 and Nb2O5 + CuO thin films.
Collected Raman spectra is shown in Fig. 8, where two characteristic
Raman bands of graphene have been obtained (G band and 2D band).
The relative intensities ratio of the G and 2D modes clearly confirms
the presence of a monolayer graphene (G/2D ≈ 0.4). Also, the Full
Width of Half Maximum (FWHM) of two visiblemodes on Raman spec-
tra shows that the peaks are sharp, which indicates the good quality of
the transferred layer [46]. The absence of the D mode, which is related
to the presence of structural defects, was not observed, which indicates
that the transferred graphene layer was without any structural defects.
The positions of the peaks of the measured thin carbon layer were not
the same for the two different samples because of the influence of the
substrate on the graphene layer (different phonon frequencies caused
by the different composition of the substrate).
3.3. Mechanical characterization

A steel wool test with a selected load of 0.5 Nwas used to determine
the tribological properties of the prepared thin films. Optical microsco-
py andprofilometrywere used to assess the scratch resistance of thede-
posited coatings. Images of the surfaces of the thinfilms after the scratch
tests are shown in Fig. 9. Optical microscopy images showed that the
surface of the Nb2O5+CuO exhibitedmore scratches than the undoped
niobia. The depth of scratches was evaluated with the aid of a Taylor
Hobson profilometer, and investigation results showed that for both
thin films the scratches were rather shallow. The maximum depth of
the scratches was equal to approx. 34.9 nm and 37.5 nm for the Nb2O5

and Nb2O5 + CuO coatings, respectively. The mean arithmetical surface
height of the undoped niobia changed from approx. 1.1 nm to 3.8 nm
after performing the scratch tests. For the as-prepared Nb2O5 + CuO
coatings, the mean arithmetical surface height was equal to approxi-
mately 0.9 nm and increased to 4.6 nm after performing the scratch
tests. Therefore, both deposited thin films may be considered as scratch
resistant coatings, while slightly better tribological properties were ob-
served for the undoped niobia.

The hardness of the titanium alloy and the titanium alloy with
thin layers was measured by nanoindentation and determined by
an approximation method. As the results obtained show, the deposi-
tion of the niobia layer on the titanium alloy surface causes a de-
crease of surface hardness from 5.58 ± 0.3 GPa for uncoated
titanium alloy to 4.78 ± 0.06 GPa for titanium alloy surface covered
by the Nb2O5 thin film. However, after the addition of copper into
the Nb2O5 layer, its hardness increased to 7.19 ± 0.1 GPa for
Nb2O5 + CuO (Fig. 10, Table 5).

The graphene layer transferred on to the surface of the prepared thin
films was practically not seen by the nanoindenter during measure-
ments. Therefore, the measurements did not show any changes of sur-
face hardness after graphene deposition, in comparison with the
uncovered surfaces of the examined layers (Table 5).
4. Conclusion

The results obtained have shown that niobia (Nb2O5 and
Nb2O5 + CuO) thin layers and niobia with a graphene monolayer on ti-
tanium alloy surfaces, can be considered a barrier to effectively protect
Ti6Al4V alloy surfaces against corrosion processes that take place in
very aggressive environments for Ti alloys. For all the prepared thin
films, a significant reduction in the corrosion current density was ob-
served. However, the doped niobia layer (Nb2O5 + CuO) improved
the titanium alloy's mechanical properties, however only surface hard-
ness, while better tribological properties were observed with the
undoped niobia layer. A combination of thin films prepared using mag-
netron technology and graphene layers increased the corrosion resis-
tance of thin films under examination. However, the graphene layer
did not change in relation to its mechanical properties, i.e. hardness.
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