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ABSTRACT

In this paper, comparative studies on the mechanical and corrosion properties of hybrid coating systems based on
titanium dioxide thin films (200 nm) and graphene monolayers have been investigated. The pure titanium diox-
ide layers were deposited on a Ti6Al4V alloy surface using the conventional magnetron sputtering process and
the so-called “magnetron sputtering with modulated plasma” process. A graphene monolayer was transferred
to a titanium alloy substrate using the “PMMA-mediated” method. The structural characteristics of the obtained
thin films were examined by using Raman spectroscopy, X-ray diffraction (XRD), a scanning electron microscope
(SEM) and atomic force microscopy (AFM) measurement. The mechanical properties, i.e. hardness, were tested
by using a nanoindenter test. The corrosion properties of the coatings were determined by analysis of the
voltammetric curves.
The deposited TiO, thin film prepared by the conventional magnetron sputtering process consisted of visible
grains with the size of ca. 50-100 nm and had a nanocrystalline anatase phase (TiO,(a)). The TiO, thin film de-
posited by plasma-modulated sputtering had a nanocrystalline rutile structure TiO,(r) and its surface consisted
of big, irregular grains and was not as homogeneous as the coating prepared by the conventional method.
The hardness of TiO,(a) and TiO,(r) thin films was equal: 7.59 GPa and 14.2 GPa, respectively.
Graphene transferred to a titanium dioxide thin film surface was a single layer without defects. Unfortunately,
the nanoindentation method, used to measure the hardness of the titanium dioxide/graphene coating systems,
is not sensitive to one or few atomic layers of graphene deposited on the top of the coating structures. Therefore,
the measurement did not reveal changes of titanium dioxide thin film hardness after graphene deposition, in
comparison with uncoated TiO, thin films such as TiO»(a) and TiO,(r) thin films. Futhermore, the graphene
monolayer can be very easily removed from the titanium dioxide thin film surface (e.g. by scratching).
The best corrosion properties (the lower value of corrosion current density) were obtained for sample Ti6Al4V
coated with a TiO,(a) thin film. A deposition graphene monolayer on the top of all tested thin films improves
the corrosion potential (Ec,,) value, which is much more positive than E.o,, registered for the other samples. A
positive value of the corrosion potential is characteristic of materials with low electrochemical activity and
thereby very good corrosion resistance. Moreover, these coatings systems maintain stability of the mechanical
properties during the corrosion process.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

lose electrons in solution and, as a result, they show a high potential
to corrode in biological environments, which usually cause inflamma-

Metallic biomaterials like Ti and Ti alloys are widely used in artificial
hip joints, bone plates and dental implants due to their excellent
mechanical properties and endurance [1]. However, the long-term per-
formance of surgical implants is directly dependent on their surface
properties. Most implanted metallic biomaterials have a tendency to
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tions and loosening of the implants [2]. Corrosion is an unwanted
chemical reaction, which can result in the degradation of metal implants
to oxides, hydroxides, or other compounds. These degradation products
may cause a local inflammatory response, leading to the cessation of
bone formation, synovitis, and loosening of artificial joint implants [2].
Additionally, their low surface hardness, high friction coefficient and
poor wear resistance also limit their application as metallic biomaterials
[3,4]. Low wear resistance can lead to the formation of wear debris
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which may cause several reactions in the tissue in which they are de-
posited, thus increasing the failure probability of the implants.

It has been reported that wear and corrosion are the main reasons for
degradation of surgical implants such as hip and knee joint implants,
which usually happens after 10-15 years of use [4]. To protect metallic
implants from corrosion and wear and improve their bioactivity, tremen-
dous surface modification techniques have been applied to deposit a
great variety of functional coatings on the surfaces of metallic implants.

Usually, there are two ways to improve the corrosion and the wear
resistance of a metal implant. One is via bulk alloying and the second
is the use of surface modification. Since this paper only focuses on the
surfaces of metal implants, the first technology is not covered here.

One way to protect a titanium alloy surface from corrosion and im-
prove its surface mechanical properties is the application of ceramics
coatings, i.e. titanium dioxide. Titanium oxide film is a very important
material due to its multifunctional application in photocatalysis, hydro-
phobic material, photovoltaic cells, photochromic and electrochromic
devices, gas sensors, biosensors, corrosion protection, bactericide and
optical devices, among other things [5-8]. TiO, can occur in a number
of crystalline forms, the most important of which are anatase, rutile
and brokite. Nowadays, it is one of the most extensively studied metal
oxides, both as a particulate and in thin film form. Titanium dioxide
thin film properties depend on the crystalline phase, roughness, poros-
ity, and particle size and distribution.

Unfortunately, the addition of a protective coating changes the di-
mensions of metals due to the finite thickness of the coating. Changes
also occur in the appearance and the optical properties of the metal sur-
face; furthermore, decreases in the electrical and thermal conductivity
can also be observed. One important approach to overcoming these
problems would be to develop an ultrathin protective coating to mini-
mize the variation in physical properties of the protected metal.

Graphene is a monolayer of carbon atoms, with a near-perfect two-
dimensional honeycomb crystal lattice. This material has many useful
electrochemical characteristics, and with its high thermal conductivity,
high inherent capacity and extremely large specific surface area,
graphene outperforms many other materials. Numerous studies have
demonstrated that graphene film, which features chemical inertness
and thermal stability, is an excellent anticorrosion barrier for Cu
[9-14] and others metals like Ti [15].

It is reasonable to combine both types of materials in a hybrid coat-
ing system having a thickness of several hundred nanometers, charac-
terized by good mechanical properties and excellent corrosion
resistance in aggressive environments, e.g. body fluids.

In this work we show that hybrid coating systems based on titanium
dioxide thin films (200 nm) and a graphene monolayer can be used as a
protection system for a titanium alloy surface against the corrosion pro-
cess and to improve its surface mechanical properties. To show this, we
study surface, structural, mechanical and corrosion properties of two
coating systems i.e. Ti-Al-V/TiO, and Ti-Al-V/TiO,/graphene, and com-
pare them with a pure titanium alloy.

2. Materials and methods
2.1. Experimental design
2.1.1. Specimen preparation
For the purpose of the experiment, four sets of titanium alloy

Ti6Al4V (ASTM Grade 5, UNS R56400) (Table 1) were prepared in the

Table 1
Composition of Ti6AI4V titanium alloy.

Components, wt.%

C Fe N (0] Al \4 Ti

0.08 0.25 0.05 0.20 5.50-6.75 3.5-45 Bal

same manner. Before technological processes, the Ti alloy surfaces
were polished using a grinding and polishing Stuers RotoPol 21 appara-
tus. The sample surfaces were polished to a “mirror image”. In the next
stage, the samples were cleaned in an acetone solution.

2.1.2. Thin film preparation

2.1.2.1. Ti-Al-V/titanium dioxide system preparation. For the deposition of
thin films, a home-invented multitargeted apparatus for magnetron
sputtering with an innovative system of target power control was
used. The control system of this apparatus is protected by a patent appli-
cation [16]. Each magnetron is independently powered by its individual
supplier (DORA Power Systems), controlled by a microprocessor con-
troller. The sputtering workstation is equipped with a standard vacuum
chamber, a pump system (diffusion and rotary pumps), four magne-
trons, a stage with the possibility of motion in the XYZ directions,
Pfeiffer vacuum gauges and a gas flow control system that involves
MAKS mass-flow controllers. Two sets of titanium dioxide thin
films were deposited using conventional and so-called “magnetron
sputtering with modulated plasma”. TiO, thin films were deposited on
silicon (100), fused silica (SiO,) and titanium alloy Ti6AI4V substrates
by reactive magnetron sputtering process from a pure metallic titanium
target. Thin films deposited on silicon and SiO, were used to evaluate
the surface morphology and structural properties, respectively. Coatings
prepared on Ti6AI4V substrates were used to determine mechanical and
electrochemical properties. In the conventional process, a continuous
flow of oxygen was preserved at 40 ml/min. Oxygen was used both as
a working and a reactive gas. During the sputtering process the pressure
in the vacuum chamber was kept at ca. 2 - 10~ 2 mbar. The time of thin
film deposition was equal to 120 min. In the process with modulated
plasma, oxygen was also used as a working and a reactive gas. The
time of sputtering was twice as long as in the case of the conventional
process. Moreover, the pressure during deposition was significantly
lower and equal to ca. 2 - 10~ mbar. The innovation in this process
was the introduction of oxygen into the vacuum chamber in short
(few tens of milliseconds) pulses, controlled by a special gas injection
system.

2.1.2.2. Ti-Al-V/TiO/graphene system preparation. The graphene mono-
layers were grown on 18-um thick copper foil using the chemical
vapor deposition (CVD) technique. For this purpose, a home-made
CVD set based on a Blue M Tube Furnace with a 1-inch diameter reactor
tube was used. During the growth process, the reactor chamber is set at
low pressure (~107 Torr) and heated up to ~1000 °C in a hydrogen at-
mosphere. Methane is used as a carbon source (growth time is typically
10 min).

Graphene was transferred to titanium dioxide thin films using a
“PMA-mediated” method [18]. First, PMA (495 K, about 100 nm thick)
was spin-coated on top of the synthesized graphene on copper sub-
strate and dried for 24 h at room temperature. Next, the graphene
from the bottom of the Cu substrate was etched using the reactive ion
etching method in oxygen plasma (Plasma Lab 80 +, Oxford Instru-
ments). After that, the exposed Cu foil was dissolved in an aqueous
etchant of iron (IIl) nitrate for several hours. When the copper was dis-
solved, the graphene sample was cleaned in DI (deionized) water. Next,
an ion particle removing step was used with a hydrochloric acid solu-
tion, with hydrogen peroxide as a catalyst dissolved in water [18].
After all the cleaning steps, a PMA/graphene layer was transferred to a
titanium dioxide surface and annealed in order to evaporate the water
and increase adhesion between the graphene and the surface. In the
last step, the PMA layer was removed.

2.2. Analysis of surface characteristics

Structural properties of TiO, thin films were determined based on
the results of the X-ray diffraction (XRD). For the measurements, a
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Fig. 1. SEM images of the surface of TiO, thin films deposited by: a) conventional and b) plasma modulated magnetron sputtering processes.

Siemens 5005 powder diffractometer with a Co K X-ray (1.78897 A) was
used. The correction for the broadening of the XRD instrument was
accounted for and the crystallite sizes were calculated using Scherer’s
equation [17].

The thickness of deposited titanium dioxide thin film was measured
by Taylor Hobson Tal surf CCI Late optical profilometry and was equal to
200 nm.

The quality and number of transferred layers of graphene were
evaluated by Raman spectroscopy (India 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 study-
ing, e.g. various carbon materials. In the case of graphene, Raman
spectra gives information about the number of layers [19], material
quality and defects [20]. Typical Raman spectra consist of 3 main
modes: D mode (~1350 cm™ '), G mode (~1580 cm™!) and 2D mode
(~2700 cm™'). A monolayer graphene sheet is easily identified by
Raman study simply by looking at the G/2D relative intensity ratio (usu-
ally about 0.2), also taking into account the shape of those peaks [19].
The quality and defectiveness of a graphene sheet can be verified by
the appearance of the D mode peak, usually taken as the relative ID/IG
ratio [21,22].

The elemental composition and the surface morphology of the coat-
ing were investigated with the aid of a 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 (<3 kV) backscattered electron imaging.

To determine the surface topography properties, atomic force mi-
croscopy (AFM) measurements were made with a UHV VT AFM/STM
Omicron (Oxford Instruments, Germany) microscope operating in
ultra-high vacuum conditions in contact mode.

2.3. Mechanical characterization

The hardness measurements of the obtained coating system before
and after the corrosion process was measured using the CSM
Instrument, Peseux, Switzerland nanoindenter equipped with Vickers
diamond indenter. The hardness was calculated using the method pro-
posed by Oliver and Pharr [23] with Poisson ratio of 0.3. Each data point
represents an average of five indentations.

To determine the mechanical properties of thin films by nanoinden-
tation, it is important to recognize the influence of the substrate on

measurement results. The “10% principle” is commonly used to mini-
mize the substrate impact — the nanoindentation depth should be less
than 10% of the measured layer thickness [24]. In our case, this principle
cannot be applied to layers which have a thickness of about 200 nm, as it
would require a nanoindentation depth of less than 20 nm. However,
meaningful results at such low indentation depths are not possible
with the current state of indentation equipment. This is mainly due to
the inability to define a correct and applicable area function for the in-
dentation tip at very shallow penetration depths [25]. In our case, ex-
periments have shown that the tip area function is not a significant
source of error for indentations of contact depths larger than about
80 nm [26]. Unfortunately, for this indentation depth, the influence of
the substrate on the measurement results is too big. Therefore, it is
necessary to develop and apply different methods of analysis, interpre-
tation and approximation of results in order to obtain real values of
hardness and Young modulus of thin films deposited on a substrate.
Many mathematical models have been developed allowing investigation
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Fig. 2. XRD measurement results of TiO, deposited by conventional and with modulated
plasma magnetron sputtering processes [18,19].
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Fig. 3. SEM images of the surface of a) deposited TiO,(a)/graphene coating system before corrosion process, b) deposited TiO,(r)/graphene coating system before corrosion process.

and approximation of the measurement values [27-30] of thin films. In
our research we used the approximation methods described in article
[25]. If the properties of the substrate (i.e. hardness) and the thickness
of the film are known, a series of measurements of the hardness for
many indentation depths (to the extent that the measurement error is
negligible) can be performed, and it is possible to determine the approx-
imate parameters of the layer without affecting the substrate.

The measured hardness of the layer/substrate structure can be
expressed as a power-law function of the substrate and thin film hard-
ness, the depth of indentation and the thickness of the thin film [25]:

H = H; x (H;/H;s)" (1)

where H; is the hardness of the substrate, Hythe hardness of the thin film
and M the dimensionless spatial function defined by [25]:

M=1 /(1 + K(h/d)L> 2)

where K, L are adjustable coefficients, h is the maximum indenter dis-
placement and d is the thickness of the thin film. Eq. (1) must satisfy es-
sential boundary conditions: when indentation depth approaches zero:
h/d - 0,H=H; L =1and M = 1 (small penetrations), the measured
value of hardness tends to the value of hardness of the thin film, where-
as when indentation depth approaches thin film thickness: h/d — o,

1 03 ——TiBAI4V
§ —— TiBAMVITIO (a)
10° 1 — TiBAI4V.'T iOz(a).'graphene
—— TIBAI4VITIO(r)
1 040 — TiBAI4VIT iOz(r)Igraphene
T T T T T T T - T - -
-1.5 -1.0 -0.5 0.0 0.5 1.0

EAgmuu V]

H = Hs,L = 0 and M = 0 (large penetrations), the measured value of
hardness tends to the value of hardness of the substrate.

24. 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 Nadl, pH 2, 2 g/l KF) in which the electrochemical measurements
were conducted is characterized by high corrosivity compared to titani-
um alloys. It is a more aggressive environment than that of typical elec-
trolytes for corrosion tests (e.g. artificial saliva, SBF). 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 po-
tentials, and polarization curves corresponding to all examined material
were recorded. Prior to each polarization experiment, the samples were
immersed in the electrolyte for 1 h while monitoring open circuit poten-
tial to establish steady state conditions. Each electrochemical measure-
ment for the same material was performed three times. In the paper we
show only the most representative results. However, the differences be-
tween 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 the
reference electrode and a platinum wire as the auxiliary electrode (coun-
ter-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 at room temperature. The

0.4 4
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Fig. 4. Open circuit potential (OCP) (a) and polarization curves (b) of Ti6AI4V titanium alloy and titanium alloy with coating system.
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Table 2
Electrochemical parameters of the samples obtained from polarization curves in 0.5 M/l
NacCl, 2 g/l KF, pH = 2 electrolyte solution.

Sample icorr [A/cm?] Ecorr [V]
Ti6Al4V/TiO,(a) 2.6E—08 —0.054
Ti6Al4V/TiO,(a)/graphene 6.5E—08 0.079

Ti6Al4V/TiO,(r) 54E—08 —0.237
Ti6Al4V/TiO,(r)/graphene 4.2E—08 —0.010

values of corrosion current densities (ico;r) Were obtained from the polar-
ization curves by extrapolation of the cathodic and anodic branch of the
polarization curves to the corrosion potential [31].

3. Results and discussion

3.1. Structural characterization of Ti-Al-V/TiO, and Ti-Al-V/TiO/graphene
hybrid systems before corrosion process

The results of SEM investigations (before the corrosion process) re-
vealed that the surface of thin films prepared by the conventional mag-
netron sputtering process consisted of visible grains (Fig. 1a). However,
obtained SEM images of the TiO, deposited by plasma-modulated
sputtering showed that the thin film surface was not as homogeneous
as for the coating prepared via the conventional method and consisted
of large, irregular grains (Fig. 1b).

XRD measurement results (Fig. 2) showed that titania thin films de-
posited by the conventional magnetron sputtering process had a nano-
crystalline anatase phase with a crystallite size of approximately
27.3 nm. The diffraction peaks were intense, indicating that these coat-
ings were well crystallized. In the case of TiO, thin films deposited by
magnetron sputtering with modulated plasma, analysis of diffraction
patterns resulted in the appearance of some small trace amounts of
fine crystallites with a rutile phase. However, the peak related to the
(110) plane at ca. 32° (20) was broad and had very low intensity. There-
fore, taking into consideration that the signal-to-noise ratio (S/N) was
rather poor, the determination of crystallite dimensions could be en-
cumbered with an error. At the sensitivity level of the XRD method, it
can be assumed that these coatings were nanocrystalline and consisted
of small rutile crystallites with a size of ca. 5.8 nm. Such broadening of
the XRD pattern can also indicate that a large amount of amorphous
phase occurred in these coatings. Additionally, the broadening of the in-
tensity of the XRD pattern at 20-30° (26) is related to the amorphous
fused silica substrate on which both TiO, thin films were deposited.

Titanium dioxide thin films were deposited using various modifica-
tions of the magnetron sputtering method: with the continuous work-
ing gas flow, herein called “conventional sputtering”, and with plasma

P 5 g ¥ (. 2
‘.,,?8 .5..._ ke d -sl;’
*, "‘“ ;“'. li“ﬁ’.’\
gty t‘,“_" A
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ESBGrdis= 300V WD= 42mm
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modulated by supplying the working gas in pulses. The idea applied in
sputtering with modulated plasma was similar to what is described in
the literature as gas injection magnetron sputtering (GIMS) [32].

Various morphologies and especially microstructures can be related
to the pressure during the deposition process. In the case of convention-
al sputtering with a continuous gas flow, the pressure was kept at the
level of 2 - 102 mbar. In the case of the process with modulated plas-
ma, the working gas (pure oxygen) was injected directly into the target
surface in short (few tens of milliseconds) pulses. Therefore the pres-
sure during sputtering could be maintained at the level of an order
lower (about 2 - 102 mbar) than in conventional deposition. Such a
change led to an increase of the particles' mean free path and resulted
in higher energy of the particles that reached the substrate. Therefore,
the lower pressure during sputtering was responsible for obtaining
the TiO, rutile phase directly after deposition using the plasma modu-
lated process instead of anatase in the conventional one.

For the purposes of this article, a titanium dioxide thin film of ana-
tase structure will be denoted TiO,(a) and of rutile structure — TiO,(r).

In Fig. 3, SEM images of the surface of the TiO, thin films after
graphene monolayer deposition are shown. The investigated titanium
dioxide/graphene hybrid systems were crack- and damage-free, no dis-
continuity in the coating systems was observed, and the surface mor-
phology was homogeneous.

3.2. Potentiodynamic tests

Fig. 4 shows the course of the open cell potential (OCP) (Fig. 4b) and
the course of polarization curves of titanium alloy and titanium alloys
with coating systems (Fig. 4a) in a 0.5 M/l NaCl, 2 g/l KF, pH = 2 electro-
lyte solution. The results of measurements of the electrochemical pa-
rameters of the samples obtained from polarization curves are
collected in Table 2.

In the case of the titanium alloy with coatings, a significant improve-
ment in the corrosion properties is seen, expressed by a decrease of the
corrosion current density ico and a shift of the corrosion potential E¢oy
values to the noble potentials.

The smallest corrosion current density and the best corrosion prop-
erties were obtained for the Ti6Al4V/TiO,(a) coating system. However,
the corrosion potential value for the TiAIV/TiO,(a)/graphene coating
system was E oy = 0.079 V, which is much more positive than Ec,; reg-
istered for the other samples. A positive value of the corrosion potential
is characteristic of materials with low electrochemical activity and
thereby very good corrosion resistance.

It should also be noted that the course of the potential for all exam-
ined samples is very stable. During a 1-hour exposure, the potential
changed only by about 80 mV for a Ti6Al4V/TiO,(a) sample, 180 mV

ESBGrdis= 300V WD= 36mm Signal B = HE-SE2  Time :15:15:47
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Fig. 5. SEM images of the surface of TiO, thin films deposited by: a) conventional and b) plasma modulated magnetron sputtering processes, after corrosion process.
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Fig. 6. SEM images of the surface of a) deposited TiO,(a)/graphene coating system after corrosion process, b) deposited TiO,(r)/graphene coating system after corrosion process.

for a Ti6Al4V/TiO,(r) sample, 240 mV for a Ti6Al4V/TiO,(a)/graphene
sample, and 400 mV for a Ti6Al4V/TiO,(r)/graphene sample.

For the uncoated titanium alloy sample, a sharp decline in the value
of the potential from —0.75 V to —1.20 V takes place. However, this
change is caused by damage of the oxide layer present on the surface
of a titanium alloy. The oxide layer acts as a barrier and protection
against general corrosion processes. However, in the environment of
acidic pH (pH ca. 2) the protective layer is unstable and the processes
of corrosion of metallic Ti or its alloys are initiated. This phenomenon
is accelerated in the presence of aggressive ions such as fluoride ions
[33-36].

The results obtained indicate that the titanium dioxide films and ti-
tanium dioxide/graphene coating systems formed on the titanium alloy
surface can inhibit the aggressive action of corrosion media [37].

3.3. Structural characterization of Ti-Al-V/TiO, and Ti-Al-V/TiO/graphene
hybrid systems after corrosion process

The surface morphology of the titanium dioxide films after corrosion
testing was studied by SEM. No clear and large corrosion pit was found
on the surfaces of the titanium dioxide films [37]. The surface of the test-
ed thin films was smooth and compact. This confirms the results obtain-
ed from the corrosion tests, described above (Fig. 5).

a 90 nm

Deposition of the graphene monolayer on top of the titanium diox-
ide thin films causes the formation of dendritic structures on the surface
of the coating systems after the corrosion tests (see Fig. 6).

In Fig. 7 the AFM image for titanium dioxide/graphene coating sys-
tems is shown. It is clearly seen that after the corrosion process, the re-
gions in the gaps changed color (white), indicating that those regions
formed an oxide layer [38]. On the microscopic scale, the graphene
layer transferred to the top of the titanium dioxide layer is not a single
sheet of carbon atoms, but many small single-layer graphene sheets
connected together. The most likely breakdown location is along the
graphene grain boundary (along the places where graphene sheets con-
nect together). The graphene grain mismatch along the grain boundary
is a likely target for oxygen molecules to sneak in and oxidize the thin
film located below. The white spots in AFM images are the places that
allow oxygen molecules to sneak in and oxidize the surface of the titani-
um dioxygen thin film located below the graphene. These white spots
have a height ranging from 90 nm to 180 nm, depending on the type
of TiO, layer [39]. The places located below the graphene monolayer
grain boundaries are oxidized, resulting in the AFM images' white
spots, more or less branched on two or three sides (see Fig. 7). In the
SEM images, these oxidized regions can be interpreted as dendritic
structures. The shape and distribution of dendrites is different for both
coating systems, probably because of differences in the original

b 180 nm

1
3 um

I 1
0 1 3 um

Fig. 7. AFM image of a) deposited TiO,(a)/graphene coating system after corrosion process, b) deposited TiO,(r)/graphene coating system after corrosion process.
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Fig. 8. Comparison of Raman spectra before and after corrosion measurements for both samples: (A) TiAIV/TiO,(a)/graphene and (B) TiAIV/TiO,(r)/graphene. All spectra were collected
using the same measurement parameters (514 nm laser line, 45 s of exposure time and two accumulations).

structure of the obtained titanium dioxide thin films. The titanium diox- under the graphene flakes are better protected than regions located
ide regions under the graphene flakes are pristine, which indicates that under the gaps. The surfaces of titanium dioxide/graphene coatings sys-
these regions are not oxidized [38]. The titanium dioxide regions located tems are still densely packed after the corrosion process.
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Parameters were collected using Raman mapping mode where 10 x 10 um with 2 um step map was done.
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3.4. Raman characterization of graphene layer in Ti-Al-V/TiO,/graphene
hybrid systems

Raman spectra were collected for both samples with the same mea-
surement parameters.

Fig. 8 shows Raman spectra collected before and after corrosion
measurements for both samples with titanium dioxide/graphene layers.
In both cases, the absence of the D mode indicates that the graphene
layer is continuous without structural defects [20-22]. We note that
the signal of the D band has been recorded in many spots on the sam-
ples, showing no significant difference from place to place. For a sample
with a rutile structure of TiO, (Fig. 1(A)), the intensities of graphene
representative modes are two times smaller (intensity count not
shown in figure) than in the case of the anatase phase of TiO,, which
can be caused by a different surface effect (different surface adhesion
of graphene to the oxide layer) [40]. In the case of the second sample
(structure of anatase), the intensities are quite similar before and after
corrosion. For a better understanding of what happened after corrosion
treatment with a carbon sheet, we made Raman maps (~100 spectra

from the selected area) for both samples, in both areas (before and
after corrosion treatment).

The statistics show peak position shifts in both G (~2 cm™!) and 2D
modes (~6 cm™ ). The shifting of those two modes (Fig. 9A, B) can be
caused by doping of the graphene layer during the chemical transfer
process. Chemical transfer could leave Fe** ions after copper etching
or some PMMA residues after dissolving in acetone.

For the second sample (Ti6AI4V/TiO,(r)/graphene), see Fig. 10; the
differences between collected results in both areas are smaller than
for the rutile sample. In the case of the positions of the 2D mode, after
the corrosion process there is a little upshift (~2 cm™!). Smaller
shifts and intensities of graphene representative modes in the rutile
sample can be caused by similar adhesion to the surface in both areas
(before and after corrosion) and by less contamination of the second
sample.

The relative intensity ratios in both samples indicate that the mea-
sured area is covered by a single layer of graphene [21,22]. The mapped
areas exhibit the absence of the D mode, which confirms the continuity
of the transferred layer from copper. Moreover, the fact that no D mode
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Fig. 11. Results of hardness investigation for a) TiO; (a) thin film, b) TiO, (a)/graphene coating system, ¢) TiO(r) thin film and d) TiO,(r)/graphene coatings system, before and after cor-

rosion process.

is seen after corrosion confirms the corrosion resistance property of a
one-atom-thick carbon layer.

3.5. Mechanical characterization of prepared hybrid systems before and
after corrosion process

The hardness of prepared coating systems was measured by nanoin-
dentation and determined by an approximation method. For the un-
coated titanium alloy, hardness has been measured at a constant
depth of 80 nm, and was equal to 5.9 4 0.3 GPa. The hardness of the ti-
tanium dioxide thin films deposited on clean titanium alloy substrates,
with maximum indentation depth varying from 80 nm to 2000 nm,
was measured. Additionally, the root mean square error (RMSE) was
calculated.

Fig. 11 shows the measurements of the TiO, thin films and TiO,/
graphene coating system hardness (marked as points), whereas solid
curves throughout the data points represent simultaneous regression
best fits of Eqs. (1) and (2) to each data set. Yielding common coeffi-
cients are given in Table 3. Through measurements for a wide range of
indentation depth, it was possible to determine the hardness of
TiO,(a) thin film, TiO,(r) thin film, TiO,(a)/graphene coating system
and TiO,(r)/graphene coating systems, which was equal at about:
7.59 4 0.15 GPa (Fig. 11a), 14.2 & 0.9 GPa (Fig. 11c), 7.79 4 0.5 GPa

Table 3

(Fig. 11b) and 15.0 & 0.8 GPa (Fig. 11d), respectively, without the influ-
ence of the titanium alloy substrate. As the obtained results show, the ti-
tania with a columnar rutile structure - TiO,(r), deposited by the high-
energy reactive magnetron sputtering process — had a hardness of 14—
15 GPa, i.e. ca. 50% higher value compared to TiO, reported in the liter-
ature [41-46]. In contrast, the hardness obtained for titania with an an-
atase structure - TiOy(a) — was 7.5 GPa, i.e. ca. 40% lower value
compared to TiO, reported in the literature [47-54]. The TiO,(r) film
has a higher H value compared to TiO,(a) as a result of a higher rutile
content, which is consistent with previous experiments [50,52].

Our results show that the graphene monolayer deposited on titani-
um dioxide thin films is practically not seen by a nanoindenter during
measurements. The nanoindentation method, used to measure the
hardness of the titanium dioxide/graphene coating systems, is not sen-
sitive to one or few atomic layers of graphene deposited on the top of
the coating structures. Therefore, the measurement did not reveal
changes of titanium dioxide thin film hardness after graphene deposi-
tion, in comparison with uncoated TiO, thin films such as TiO,(a) and
TiO,(r) thin films.

Nanoindentation measurements performed after the corrosion pro-
cess show no change of surface hardness for the tested samples coated
by the TiO,/graphene coating systems. For the TiO,(a)/graphene coating
system, hardness was equal to 7.75 4 0.3 GPa and for the TiO,(r)/

Mechanical properties of titanium dioxide thin film and titanium dioxide/graphene coating systems.

Sample Hardness before corrosion process K L Hardness after corrosion process K L
[GPa] [GPa]

Ti6Al4V/TiO,(a) 7.59 10.7 5.56 7.25 7.56 8.68

Ti6Al4V/TiO, (a)/graphene 14.2 3.47 3.59 11.9 438 4.18

Ti6Al4V/TiOy(T) 7.79 6.15 432 7.75 8.40 7.34

Ti6Al4V/TiO,(r)/graphene 15.0 442 571 149 40.1 6.38
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graphene coating system 14.9 4 0.7 GPa. Only for uncoated titanium di-
oxide thin films was a slight decrease in hardness observed, from
7.59 + 0.15 GPa to 7.25 + 0.13 GPa for TiO,(a) thin film and from
14.2 + 0.9 GPa to 11.9 £ 0.7 GPa for TiO,(r) thin film. The obtained
results confirmed the results obtained from the corrosion test and
structural measurements.

4. Summary

We have shown that TiO, thin films and TiO,/graphene coating sys-
tems deposited on a titanium alloy surface can be considered to be bar-
rier coating systems for a Ti6Al4V alloy. They protect its surface against
corrosion processes which take place on a pure titanium alloy surface in
very aggressive environments.

Out of all four tested coating systems, only the TiAIV/TiO,(r) coating
system can be considered to be a coating that improves the surface
hardness of a Ti6AI4V alloy, from 5.9 GPa for an uncoated titanium
alloy to 14.2 GPa for a titanium alloy covered by a thin TiO,(r) film.

The deposition graphene monolayer on the top of all the tested thin
films improves the corrosion potential value, which is much more pos-
itive than the E,; registered for the other samples. A positive value of
the corrosion potential is characteristic for materials with low electro-
chemical activity and thereby very good corrosion resistance. Moreover,
these coating systems maintain stability of the mechanical properties
during the corrosion process.

In the next step, investigations of the resistance to corrosion and the
mechanical properties of hybrid systems during temporary exposure to
corrosive environments (artificial saliva, SBF etc.) will be performed.
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