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In this paper the studies on structural, mechanical and corrosion properties of the hybrid graphene multilayer
system (graphene/SiN/graphene) coupled with titanium alloy (Ti6Al4V) have been investigated. We have
shown that the graphene/SiN/graphenemultilayer hybrid systemdeposited on titanium alloy surfaces, improves
surface hardness (23GPa) and the corrosion properties of the Ti6Al4V alloy in very aggressive environments. Fur-
thermore, this multilayer hybrid systemhas a very stable course of electrochemical potential in comparisonwith
pure silicon nitride thin film with the same thickness. Unfortunately, this system does not maintain structural
and mechanical stability during the corrosion process. The structure of the coating system becomes porous,
which is characterised by low hardness (0.62 GPa) and low Young's modulus — 69 GPa.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Metallic biomaterials like Ti and Ti alloys arewidely used for artificial
hip joints, bone plates and dental implants owing to their excellent me-
chanical properties and endurance [1]. However, the long-term perfor-
mance of surgical implants directly depends on their surface properties.
Most implanted metallic biomaterials have a tendency to lose electrons
in solution and, as a result, are very likely to corrode in the biological
environments, which usually causes inflammation and a loosening of
the implants [2]. Corrosion is the unwanted chemical reaction, which
can result in a degradation of metal implants to oxides, hydroxides,
and other compounds. These degradation productsmay cause a local in-
flammatory response,finally lead to the cessation of bone formation, sy-
novitis, and a loosening of artificial joint implants [2]. Additionally, their
low surface hardness, high friction coefficient and poor wear resistance
also limit the application of metallic biomaterials [3,4]. The low wear
resistance can lead to the formation of wear debris, causing several
reactions in the tissue in which they are deposited, thus increasing the
probability of the failure of the implants.

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

There are two common ways to improve the corrosion and wear
resistance of a metal implant. One is via bulk alloying and the other is
via 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
improve its surface mechanical properties is the application of ceramic
coatings i.e. silicon nitride.

This leads to the insulation of themetal from environmental stresses
by the unbreakable, durable and elastic nitride films, which are at the
same time wear resistant and harder than the titanium alloy surface
[5]. Thin-film silicon nitride is characterised by its high density, low
wear rate, good insulating properties, excellent Na+ resistance, relative-
ly high fracture toughness, strength, high temperature corrosion resis-
tance in an oxidizing atmosphere and in a suiphidizing–oxidizing
atmosphere [6] and excellent biocompatibility [7–10]. Silicon nitride
films are an excellent diffusion barrier against water and aggressive
contaminants which may corrode titanium alloys [11]. They can be de-
posited by low-pressure-chemical-vapour-deposition (LPCVD), plasma
enhanced chemical vapour deposition (PECVD) or reactive radio fre-
quency (r.f.) sputtering techniques. Unfortunately, their structural, me-
chanical and corrosion properties highly depend on the technological
process used during the sample fabrication and processing [12–14].
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Table 2
Summary of the SixNy process parameters.

RF power [W] 120
Pressure [Torr] 0.8
SiH4 gas flow [ml/min] 150
NH3 gas flow [ml/min] 50
Temperature [°C] 350
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The addition of a protective coating changes the dimensions of the
metal due to the finite thickness of the coating. Changes also occur in
the appearance and the optical properties of themetal surface. Further-
more, a decrease in the electrical and thermal conductivity can also be
observed [13].

One important approach to overcome these problems would be to
develop an ultrathin protective coating to minimise the variation in
physical properties of the protected metal.

Graphene is a single atomic planar sheet of carbon, with a near per-
fect two-dimensional honeycomb crystal lattice. Thismaterial hasmany
useful electrochemical characteristics, and with its high thermal con-
ductivity, high inherent capacity and extremely large specific surface
area, graphene outperforms many other materials. Numerous studies
have demonstrated that graphene film, which features chemical inert-
ness and thermal stability, is an excellent anticorrosion barrier for Cu
[15–20] and other metals, such as Ti [21]. Unfortunately, a single layer
of graphene does not change the mechanical properties of the surface
on which is deposited [21].

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

The purpose of this manuscript is to show that a hybrid coating
system based on thin-film silicon nitride and graphene monolayers
can be used as a layer system for the protection of a titanium alloy sur-
face against the corrosion process and improve its surface mechanical
properties. In this work, the surface, structural, mechanical and corro-
sion properties of a graphene/silicon nitride/graphene hybrid system
has been investigated and compared with a pure titanium alloy and
Ti–Al–V/SiN system.

2. Materials and methods

2.1. Experimental design

2.1.1. Specimen preparation
For the purpose of the experiment, two sets of titanium alloy

Ti6Al4V samples (ASTMGrade 5, UNS R56400) (Table 1)were prepared
in the same manner. Before the technological processes, the Ti alloy
surfaces were polished using Stuers RotoPol 21 grinding and polishing
apparatus. The sample surfaces were polished to a “mirror finish”. In
the next stage, the samples were cleaned in an acetone solution.

2.1.2. Preparation of the graphene monolayer
The graphene monolayers were grown on 18-μm thick copper foil

using the chemical vapour deposition (CVD) technique. For this purpose
a home-made CVD set based on the Blue M Tube Furnace with a 1-inch
diameter reactor tube was used. During the growth process the reactor
chamber is set to a low pressure (~10−6 Torr) and heated up to
~1000 °C in a hydrogen atmosphere. Methane is used as the carbon
source (growth time is typically 10 min).

The graphene was transferred to the titanium alloy surface and the
silicon nitride surface using the “PMMA-mediated” method [23]. First,
the PMMA (495 K, about 100 nm thick) was spin-coated on top of the
synthesised graphene on a copper substrate and then dried for 24 h at
room temperature. Next the graphene from the bottom of the Cu sub-
strate was etched using a reactive ion etchingmethod in oxygen plasma
(PlasmaLab 80+, Oxford Instruments). After that, the exposed Cu foil
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
was dissolved in an aqueous etchant of iron (III) nitrate for several
hours. When the copper dissolved the graphene sample was cleaned
in DI (deionized) water. Next, the ion particles were removed using a
hydrochloric acid solution — hydrogen peroxide as a catalyst dissolved
in water [23]. After all the cleaning steps the PMMA/graphene layer
was transferred to the surfaces and annealed in order to evaporate the
water and increase adhesion between the graphene and the surface. In
the last step, the PMMA layer was removed.
2.1.3. Preparation of the thin-film silicon nitride
The amorphous films of silicon nitride were fabricated in an Oxford

Plasma Technology PlasmaLab 80 Plus System, which is a parallel plate
PECVD (13.56MHz) deposition system. The system allows users to pre-
define the process parameter value and control it in real-time during
the process. Films prepared using the PECVD method have a lot of
advantages, such as low deposition temperature, high growth rate,
good uniformity and good adhesion to the substrate surface [22].

Table 2 shows a summary of the parameters used for the deposition
of SiN film in this study.
2.1.4. Preparation of the test samples
Figure 1 shows schematically the procedure for the test samples

preparation.
Fig. 1. Schematics showing the preparation of the test samples.



Fig. 2. AFM image of titanium alloy covered by the graphene monolayer.
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2.2. Analysis of surface characteristics

The quality and the number of transferred layers of graphene were
evaluated by Raman spectroscopy (InVia Renishaw Spectrometer,
514 nm laser line, standard mode). All Raman spectra were collected
at room temperature using 1 mW of laser power (on the sample).

Raman spectroscopy is a non-destructive and fast method for study-
ing, e.g. various carbon materials. In the case of graphene, Raman
spectra provide information on the number of layers [24], material
quality and defects [25]. Typical Raman spectra consist of three main
modes: D mode (~1350 cm−1), G mode (~1580 cm−1) and 2D mode
(~2700 cm−1). A monolayer graphene sheet is easily identified by a
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
[24]. The quality and defectiveness of a graphene sheet can be verified
by the appearance of a D mode peak, usually taken as the relative ID/
IG ratio [26,27].

The thickness of the thin films of silicon nitride deposited was
measured by a Taylor Hobson Talysurf CCI Lite optical profilometer,
and was 200 nm.

The elemental composition and the surface morphology of the
deposited coating system were investigated with the aid of a Zeiss FE-
SEM Merlin with EDS Quantax System (Bruker) and Raith e-Line Plus
(FE Zeiss column, 30 keV) scanning electron microscope.

To determine the surface topography, atomic force microscopy
(AFM) measurements were made using the MultiMode 8 AFM micro-
scope (Bruker) with Peak Force Tapping mode.

Raman spectroscopy measurements, SEM measurements and AFM
measurements were performed after each step of the technological
process, during test sample preparation.

2.3. Mechanical characterisation

The hardness and Young's modulus measurements of the coating
systems, obtained before and after the corrosion process, were
performed by a nanoindenter manufactured by CSM Instruments
(Switzerland) equipped with a diamond Vickers indenter. Both param-
eters were calculated using the method proposed by Oliver and Pharr
[28]. Each data point represents an average of five indentations. A num-
ber of measurements were carried out for various depths of nanoinden-
tation (from 80 nm to 700 nm). In order to measure the “film-only”
properties and minimise the impact of the substrate, a method of ap-
proximating the nanoindentation measurements was implemented
[29].

The hardness was expressed as functions H(Hf,Hs,h/d), with
subscripts f and s denoting film and substrate. Then a simple approach
previously used by Hu in [30] for spherical indentations, by writing
hardness H as a power-law function:

H ¼ Hs � Hf =Hs
� �M ð1Þ

where the exponent terms are a dimensionless spatial function

M ¼ M h=dð Þ ð2Þ

was used (h — indentation depth, d — film thickness). This formulation
conveniently separates material and geometry terms.

Eq. (1) must satisfy essential boundary conditions:
h/d → 0, H = Hf, L = 1 and M = 1 (small penetrations, film-

dominated limit) and h/d→∞,H=Hs, L=0 andM=0 (large penetra-
tions, substrate-dominated limit).

These boundary conditions are most simply and smoothly satisfied
by sigmoidal functions:

L ¼ 1=½1þ A h=dð ÞC ð3Þ
M ¼ 1=½1þ B h=dð ÞD ð4Þ

where A, B, C, and D are adjustable coefficients.

2.4. 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 mea-
surements were taken is characterised by a high corrosivity compared
to titanium alloys. It is a more aggressive environment than that of typ-
ical electrolytes for corrosion tests (e.g. artificial saliva, SBF) [31–36].
Voltammetric measurements (polarisation curves) were carried out at
a scan rate of 1 mV/s within a range of −150 mV to 1000 mV versus
open circuit potentials, and polarisation curves corresponding to all ex-
amined material were recorded. Prior to each polarisation experiment,
the samples were immersed in the electrolyte for 1 h while monitoring
open circuit potential to establish steady state conditions. Each electro-
chemical measurement for the samematerial, was performed for three
times. In the paper we show only the most representative results.
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 elec-
trode 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 equippedwithGPESv. 4.9. software in aer-
ated solutions at room temperature. The values of corrosion current
densities (icorr) were obtained from the polarisation curves by extrapo-
lating the cathodic and anodic branch of the polarisation curves to the
corrosion potential [37].

3. Results and discussion

3.1. Structural characterisation of TiAlV/graphene/SiN/graphene coatings
system before corrosion process

In Fig. 2, an AFM image of the titanium alloy surface covered by the
graphene monolayer is shown. The graphene layer is smooth, without
cracks or damage, which is confirmed by the Raman measurements.

In the Raman spectra for graphene layer deposited on the titanium
alloy surface (Fig. 3a), the negligible D mode is seen, suggesting that



Fig. 5. SEM pictures of sample with graphene deposited on top of grain structure of SiN
layer and with cracks. B zoom in the centre area seen in A.

Fig. 3. Raman spectrum of graphene monolayer a) deposited on top of titanium alloy
surface; b) taken in the SiN peeled off area showing significantly damaged carbon layer.
Inset: spectrum collected in the place where SiN is not peeled off.
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the graphene layer is without structural defects. Furthermore the inten-
sity ratio of the G and 2D modes shows that this is indeed monolayer
graphene.

After the SiN deposition we found some areas where the SiN layer
had peeled off from the graphene surface, forming holes in the SiN
layer, which suggests low silicon nitride adhesion to the thin carbon
layer (see Fig. 4).

The Raman spectra collected in the peeled-off areas show the exis-
tence of amorphous carbon (Fig. 3b) [44]. So, it appears that the SiN de-
position process seems to strongly deteriorate the quality of deposited
graphene. The inset in Fig. 3b corresponds to the signal collected on
the SiN layer that was supposed to cover the graphene layer, but this
time showing no evidence of carbon. This might be caused by the fact
that SiN completely screens the Raman signal of carbon from the under-
ling layer, especially if this is an amorphous carbon layer, which would
normally have a lower intensity than graphene.

In the SEM image (Figs. 5) obtained after the last stage of the techno-
logical process— deposition of the graphene layer on the top of the SiN
thin film surface — not only are the grains of the graphene layer seen,
but also cracks and flaking thin-film silicon nitride located under it.

In the Raman spectra for graphene, an increase in the Dmode is seen,
suggesting that the graphene layer has structural defects. These defects
Fig. 4. The thin-film silicon nitride deposited on the titanium alloy surface covered with
the graphene monolayer.
could have been caused by the cracks and damage to the thin-film sili-
con nitride located under the graphene layer. Furthermore, the intensity
of themainmodes might suggest worse graphene layer adhesion to the
SiN surface. Unfortunately, based on the intensity ratio of the G and 2D
modes, it is not possible to conclude that we observe a monolayer of
graphene on top of the coating system formed (Fig. 6).

For comparison, the pure thin-film silicon nitride on the titanium
alloy surface, was deposited. The SEM observation of the sample
shows that the thin-film silicon nitride was crack free, exhibited good
adherence to the substrate, no discontinuation of the thin film was
observed and the surface morphology was homogeneous (see Fig. 7).
Fig. 6.Raman spectrum of graphenemonolayer deposited on top of the silicon nitride thin
film (last step of graphene/SiN/graphene hybrid system process preparation).



Table 3
Corrosion test results of Ti6Al4V alloy and Ti6Al4V alloy with tested coatings system
obtained from polarisation curves in 0.5 M NaCl, pH = 2, 2 g/l KF solution.

Sample icorr [A/cm2] Ecorr [V]

TiAlV/graphene/SiN/graphene 3.3E − 08 0.176
TiAlV/SiN 5.8E − 08 −0.866
Ti6Al4V 6.1E − 05 −1.188

Fig. 7. The thin-film silicon nitride deposited on the uncoated titanium alloy surface.
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3.2. Potentiodynamic tests

Figs. 8a and b shows the course of the open cell potential (OCP) and
the course of the polarisation curves of titanium alloy and titanium al-
loyswith the tested coating system in0.5M/l NaCl, 2 g/l KF, pH=2elec-
trolyte solution. The results of themeasurements of the electrochemical
parameters of the samples obtained from the polarisation curves are
collected in Table 3.
Fig. 8. Open circuit potential (OCP) (a) and polarisation curves (b) of
After depositing the graphene/SiN/graphene coating system on the
titanium alloy surface a significant improvement in the corrosion prop-
erties is seen, expressed by a decrease of corrosion current density (icorr)
and a shift in corrosion potential (Ecorr) values to the noble potentials.
The smallest corrosion current density and the best corrosion properties
were obtained for the TiAlV/graphene/SiN/graphene coating system.
The smaller the value of the corrosion current density, the better
corrosion properties a tested coating system exhibits. For this sample,
the most positive value of corrosion potential was also obtained
(Ecorr = 0.176 V). A positive corrosion potential value is characteristic
for materials with low electrochemical activity and thereby shows
very good corrosion resistance. It should also be noted that the course
of the potential is very stable. During 1 h of exposure the potential
changed only by about 110 mV. For the uncoated titanium alloy sample
after about 2400 s a sharp decline in the value of the potential from
−0.75 V to −1.20 V takes place. This change is caused by damage to
the oxide layer present on the surface of the titanium alloy. The oxide
layer acts as a barrier and protects against general corrosion processes.
However, in the acidic pH environment (pH ca. 2) the protective layer
Ti6Al4V titanium alloy and titanium alloy with coating system.



Fig. 9. SEM image of the graphene/SiN/graphene coatings system after corrosion process.
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is unstable and the corrosion processes of themetallic Ti or its alloys are
initiated. This phenomenon is accelerated in the presence of aggressive
ions such as fluoride ions [38–41]. A similar course of OCP for titanium
alloy covered by the thin-film SiN was observed. In this case after
about 1800 s a sharp decline in the value of the potential from −0.4 V
to −0.9 V takes place. This is probably due to the penetration of the
coating by the electrolyte, which starts the corrosive reaction of the tita-
nium alloy.
Fig. 10. Results of x-ray microanalysis showing the chemical composition o
3.3. Structural characterisation of the TiAlV/graphene/SiN/graphene coating
system after the corrosion process

Fig. 9 shows that after the corrosion process, in the corroded area
two completely different regions were formed: continuous and porous.
It seems, that the corrosion process produces a continuous thin film
of silicon nitride in the porous layer, under which the edges of the
graphene layer grains are clearly visible.

The results of the x-raymicroanalysis showed that both regions con-
sist of the same components, i.e. silicon and nitride (which are the com-
ponents of the deposited thin-film silicon nitride), carbon and oxide
(Fig. 10a–b). However, depending on the measured region, a change
in the carbon content is observed. For the porous region the carbon con-
tent is higher, which is probably caused by exposing the graphene
monolayer located at the structure interface. The amount of nitrogen,
oxygen and silicon, in both cases, is almost constant.

Fig. 11 shows the morphology of the continuous region of thin-film
silicon nitride viewed at amagnification of 49 k. As can be seen, the sur-
face of the thin-film silicon nitride is not smooth and looks like “orange
peel” (see Fig. 11) [42].

The porous region is clearly visible in Fig. 12a taken at a magnifica-
tion of 111 k. Interestingly, the porous layer is not as fragile as the
originally deposited thin-film silicon nitride but flexible, see Fig. 12b.

For further information about the surface topography of the
graphene/SiN/graphene coating system after the corrosion process,
AFM measurements were performed. In Fig. 13 the AFM images
for the continuous (Fig. 13b) and porous (Fig. 13a) regions of the
graphene/silicon nitride/graphene coating system are shown. Fig. 13b
f the: a) porous area, b) continuous area, both after corrosion process.



Fig. 11. SEM image of continuous region of graphene/SiN/graphene hybrid system formed
after corrosion process.
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suggesting that after the corrosion process, the thin film remaining on
the surface is densely packed. Most of the boundaries between two ad-
jacent grains in the silicon nitride from the graphene/silicon nitride/
graphene coating system, are “sealed” [43]. It looks like the top layer
of the graphene/SiN/graphene coating system is composed of many
Fig. 12. SEM image of: a) porous region of graphene/SiN/graphene hybrid system formed
after corrosion process, b) the flexible part of porous region of graphene/SiN/graphene
hybrid system.
big particles, quite regular in shape, and with a height of about 85 nm.
During the SEM measurements these particles may resemble the
“orange peel” (see Fig. 11).

For the porous region, in the AFM image the holes and empty spaces
are clearly visible. The depth of these holes is at about 200 nm (the
thickness of the originally deposited thin-film silicon nitride) (Fig. 13a).

Fig. 14 shows the Raman spectra collected after corrosion process of
the Ti–Al–V/grapheneSiN/graphene coating system. The decrease of the
intensity of the main modes after the corrosion process might suggest
good graphene layer adhesion to the surface. The relative intensity ra-
tios after corrosion indicating that the defective graphene layer has
not changed. The shift of the positions of the peaks might suggest a
change in the doping level of the graphene, and the removal of some
amount of chemical leftover. The higher purity of the graphene layer
is caused by the corrosion solution process, where most of the contam-
inants that are left after the chemical transfer process (e.g. the Fe+3 ions
that are left after the copper etching process, PMMA residues) are
washed out.
Fig. 13. AFM images of a) porous region, b) continuous region of graphene/SiN/graphene
hybrid system formed after corrosion process.



Fig. 16. Results of hardness investigation for a) graphene/SiN/graphene hybrid systemand
b) SiN thin film, before and after corrosion process.

Fig. 14. Raman spectra of the Ti–Al–V/grapheneSiN/graphene layered structure collected
after corrosion process.
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For comparison, the thin-film silicon nitride after the corrosion
process, exhibits clearly visible holes (Fig. 15). This is probably due to
the penetration of the coating by the electrolyte, whereby the SiN
layer is degraded.

As can be seen, in both cases, during the corrosion process the SiN
layer is degraded. However, in the case of a graphene/SiN/graphene
hybrid coating system, the degradation of the SiN layer is probably
compensated by the presence of graphene monolayers, providing the
high corrosion resistance of the coating system formed.

3.4. Mechanical characterisation of TiAlV/graphene/SiN/graphene coating
system before and after the corrosion process

The hardness and Young modulus of the prepared coating system
were measured using the nanoindentation technique and determined
by an approximation method. For pure titanium alloy, nanohardness
was measured at a constant depth of 80 nm. This is the smallest depth
for which correct results have been obtained. Additionally, the root
mean square error (RMSE) was calculated.

The surface hardness obtained for the uncoated titanium alloy, tita-
nium alloy covered by the thin-film silicon nitride and titanium alloy
covered with the graphene/silicon nitride/graphene coating system,
was equal to 5.94 GPa ± 0.4 GPa, 22.4 GPa ± 1.0 GPa (Fig. 16b) and
23.0 GPa ± 1.0 GPa (Fig. 16a), respectively. Compared to the results
presented in the literature reports, the hardness of the thin-film silicon
nitride in question is higher by approx. 51% [45–48] and 22% [48].

The Young's modulus obtained for uncoated titanium alloy, titanium
alloy covered with the thin-film silicon nitride and graphene/silicon ni-
tride/graphene coating system, was equal to 107 GPa ± 3.2 GPa,
232 GPa ± 0.6 GPa (Fig. 17b) and 234 GPa± 0.5 GPa (Fig. 17a), respec-
tively. Schneider and Tucker reported a Young's modulus of 230–
Fig. 15. SEM image of SiN thin film deposited on titanium alloy surface after corrosion
process.
265 GPa for 0.2–0.3 μm thin-film silicon nitride [49], and Tabata et. al.
obtained 290 GPa for 0.5 μm thin-film silicon nitride [50].

As can be seen, the graphene monolayer deposited on top of the
thin-film silicon nitride and embedded between the titanium alloy sur-
face and the thin-film silicon nitride, is practically not seen by the
nanoindenter during measurements. Therefore, the measurement did
not reveal changes in the value of the hardness and the Young's modu-
lus of the thin-film silicon nitride after the introduction of this layer be-
tween two graphene monolayers, in comparison with pure thin-film
silicon nitride.

Nanoindentationmeasurements, performed after the corrosion pro-
cess, show a decrease of both the hardness and the Young's modulus, of
the silicon nitride and the graphene/silicon nitride/graphene coating
systems.

The hardness obtained for the pure thin-film silicon nitride after the
corrosion process was equal to 13.9 GPa ± 0.7 GPa (Fig. 16b). For the
graphene/silicon nitride/graphene coating system, the hardness after
the corrosion process was dependent on the structure of the region
measured, and was equal to: for the continuous and porous regions:
11.8 GPa ± 0.7 GPa and 0.62 GPa ± 0.05 GPa, respectively (Fig. 16a).

The value of the Young's modulus obtained for the titanium alloy
covered with the thin-film silicon nitride was equal to 164 GPa ±
13 GPa (Fig. 17b). In the case of the sample coated with the graphene/
silicon nitride/graphene coating system, the Young's modulus for the
continuous regionswas equal to 143 GPa±6GPa and for the porous re-
gion: 64 GPa ± 2.6 GPa (Fig. 17a). It is clear that the corrosion process
causes the oxidation of the thin-film silicon nitride in both samples
tested, and the formation of Si–O bonds. The existence of Si–O bonds
embedded in the thin-film silicon nitride tends to lower the hardness
and elasticity moduli down to values similar to the silicon oxide [50].



Fig. 17. Results of Young's modulus investigation for a) graphene/SiN/graphene hybrid
system and b) SiN thin film, before and after corrosion process.
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4. Summary

Wehave shown that the graphene/SiN/graphene coating systemde-
posited on titanium alloy surfaces can be considered a coating system
that improves the surface hardness and corrosion properties of the
Ti6Al4V alloy. The graphene/SiN/graphene hybrid system protects the
titanium alloy surface against corrosion processes which take place on
pure titanium alloy surfaces in very aggressive environments. Further-
more, this coating system has a very stable course of electrical potential
in comparison with pure thin-film silicon nitride of the same thickness.

Unfortunately, this system does not maintain structural and me-
chanical stability during the corrosion process. The structure of the coat-
ing systembecomes porous, which is characterised by lowhardness and
high elasticity (low Young's modulus). In addition, the SiN layer is
characterised by low adhesion to the substrate coated with a graphene
monolayer. The thin-film silicon nitride breaks and comes away from
the surface during the process of the creation of the hybrid system.

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