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In this paper, comparative studies of the structural and corrosion properties of SiN/graphene/SiN coating systems
with various SiN transition layer thickness have been investigated. The coating systems were formed on Ti6Al4V
alloy surfaces. The SiN transition layer thicknesses varied from 100 nm to 300 nm. The thickness of the upper sil-
icon nitride thin film, in all examined cases, was 200 nm. The silicon nitride thin film was deposited using the
Plasma Enhanced Chemical Vapour Deposition method. A graphene monolayer was transferred onto the silicon
nitride surface using the “PMMA-mediated” method.
The structural characteristics of coating systems obtained were examined using Raman spectroscopy, optical
profilometry and SEM measurements. The corrosion properties of the coating systems were determined by an
analysis of the voltammetric curves.
The SiN/graphene/SiN coating system with a 300 nm thick silicon nitride transition layer is characterised by the
best structural and corrosion properties of all tested coating systems. In this case, the surface of the top silicon
nitride thin film has no holes or flakes, as opposed to the coating systems with 100 nm and 200 nm thick transi-
tion layers, in which the upper SiN thin film flaked and dropped off. The value of corrosion current density ob-
tained for this sample was almost two orders of magnitude lower than the current density obtained for the
other tested coating systems.

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

Titanium alloys have many potential industrial applications, mainly
owing to their good mechanical and corrosion properties and biocom-
patibility [1–3]. However, some of these applications are limited be-
cause of certain unsatisfactory surface parameters, i.e. low hardness,
low wear resistance and low corrosion resistance in hot, concentrated
and low - pH solutions [4–7]. To bypass these obstacles, many various
surface treatment techniques are used. Thesemethods include, burnish-
ing and surface micro-shot peening and thermo-chemical treatment, in
particular based on the PVD and CVD methods [8–11]. Another way to
protect titaniumalloys and improve their surface properties is the appli-
cation of ceramic coatings, i.e. silicon nitride. Silicon nitride thin films
can bedescribed asmaterialswith high density, lowwear rates, good in-
sulating properties, excellent Na+ resistance, relatively high fracture
toughness, strength, high temperature corrosion resistance in an
sz).
oxidizing atmosphere and in a sulphidizing-oxidizing atmosphere [12]
and excellent biocompatibility [13–15]. They are an excellent diffusion
barrier againstwater and aggressive contaminants that can corrode tita-
nium alloys [16]. Silicon nitride films can be deposited by low-pressure-
chemical-vapour-deposition (LPCVD), plasma enhanced chemical va-
pour deposition (PECVD) and reactive radio frequency (r.f.) sputtering
techniques, but their structural, mechanical and corrosion properties
highly depend on the technological process used [17–19].

Graphene has already proven to be an alternative way to improve
the surface properties of titanium alloys, especially corrosion resistance.
Recent studies have shown that a single graphene layer considerably in-
creases the corrosion resistance of materials such as copper [20], nickel
[21] and titanium alloy [22] and protects the surface of those metals
from oxidation [22]. Unfortunately, a single layer of graphene does not
change themechanical properties of the surface onwhich it is deposited
[22].

Previous research has shown that a combination of two types of
coatings, such as silicon nitride and graphene monolayer, in a hybrid
coating system, having a thickness of several hundred nanometres, is
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characterised by goodmechanical properties and excellent corrosion re-
sistance in aggressive environments, e.g. body fluids [23,24].

Unfortunately, this hybrid coating system also has a few disadvan-
tages. As shown in recent studies, the graphene monolayer introduced
at the structure interface, between the titanium alloy substrate and
the silicon nitride coating system in graphene/SiN coating systems, re-
duces the adhesion of the silicon nitride thin film to the titanium sub-
strate. The silicon nitride thin film breaks and comes away from the
surface during the process of creating the hybrid system [23], signifi-
cantly reducing its corrosion resistance.

The purpose of this manuscript is to show the effect of the silicon ni-
tride transition layer, incorporated between the titanium alloy surface
and the graphene/SiN(200) coating system on the structural and corro-
sion properties of the whole coating system. In this work, the structural
and corrosion properties of the graphene/silicon nitride(200) coating
system deposited on titanium alloy surfaces covered by the silicon ni-
tride transition layer with three different thickness, has been investi-
gated and compared with the pure titanium alloy and Ti-Al-V/SiN
systems.

2. Materials and methods

2.1. Experimental design

2.1.1. Specimen preparation
For the purpose of the experiment, five sets of titanium alloy Ti6Al4V

(ASTM Grade 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 surface was polished to a “mirror finish”. In the next stage,
samples were cleaned in an acetone solution.
Fig. 1. Schematics showing the preparation of the test samples.
2.1.2. Preparation of the silicon nitride thin films
The amorphous silicon nitrides thin films were fabricated using the

Oxford Plasma Technology PlasmaLab 80 Plus System, which is a paral-
lel plate PECVD (13.56 MHz) deposition system. The system makes it
possible to predefine the process parameter values and control them
in real-time during the process. The 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 [25].

2.1.3. Graphene monolayer preparation
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 a BlueM Tube Furnacewith a 1-in. di-
ameter 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 hydrogen atmosphere. Methane is used as a carbon source
(growth time is typically 10 min).

Graphene was transferred to the titanium alloy surfaces and the sil-
icon nitride surfaces using the “PMMA-mediated” method [26]. First,
the PMMA (495 K, about 100 nm thick) was spin-coated on top of the
synthesised graphene on a copper substrate and 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
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 [26]. After all the cleaning steps the PMMA/graphene layer
was transferred to the examined surfaces and annealed in order to
evaporate the water and increase the adhesion between the graphene
and the surface. In the last step the PMMA layer was removed.

2.1.4. Preparation of test samples
In the Fig. 1 the schematic procedures for the preparation of the test

samples are shown.
One set of 500 nm thick silicon nitride film and three sets of silicon

nitride transition layers with different thickness (100 nm, 200 nm and
300 nm)were prepared. In the case of samples with silicon nitride tran-
sition layers, their surface was covered with a graphene monolayer. At
the end, these same sampleswere coveredwith 200 nm thick silicon ni-
tride thin films. In this way, four different coatings systems were pre-
pared. These coatings systems were labelled: SiN(500), SiN(100)/
graphene/SiN(200), SiN(200)/graphene/SiN(200) and SiN(300)/graphene/
SiN(200).

The sample coveredwith a 500 nm thick silicon nitride thin filmwas
prepared in two processes with a pause to expose the sample to the at-
mosphere, similar to the sample covered with the SiN(300)/graphene/
SiN(200) coating system. The aim of this procedure was to minimalize
the effect of the preparation of the samples on their structural and cor-
rosion properties.

During the preparation of the silicon nitride thin films, the SiH4 and
NH3 flow rates, r.f. power, temperature as well as the pressure in the
chamber, were kept constant at 150 ml/min, 50 ml/min, 120 W,
350 °C and 0.8 Torr, respectively. The thickness of the deposited layers
was controlled by the time of the deposition process, which varied
from 1 min to 3 min.
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



Table 2
Summary of the SixNy process parameters.

dSiN [nm] 100 200 300
RF Power [W] 120
Pressure[Torr] 0.8
SiH4 gas flow [ml/min] 150
NH3 gas flow [ml/min] 50
Temperature [°C] 350
Time [min] 10 20 30

Fig. 2. An exemplary SEM image – deposited silicon nitride thin film.
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Table 2 shows a summary of the parameters used for the deposition
of the SiN thin films in this study.

2.2. Analysis of surface characteristics

The quality and number of the 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 fast, non-destructive method for the study
of e.g. various carbon materials. In the case of graphene, the Raman
spectra give information about the number of layers [27–30], material
quality and defects [27–30]. 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 the
peaks [27–30]. The quality and defectiveness of the graphene sheet
can be verified by the appearance of the D mode peak, usually taken
as the relative ID/IG ratio [27–30].

The thickness of the deposited silicon nitride thin films was mea-
sured using a Taylor Hobson Talysurf CCI Lite optical profilometer. The
measurementswere performed after each silicon nitride thin film depo-
sition process. The obtained results are show in Table 2.

The elemental composition and surface morphology of the depos-
ited coating systems 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.

The Raman spectroscopy measurements and SEM measurements
andwere performed after each step of the technological process, during
the preparation of the test samples.

2.3. Electrochemical measurements

The electrochemical measurements were carried out in 0.5M/l NaCl,
2g/l KF, pH = 2 adjusted by concentrated hydrochloric acid. The solu-
tion (0.5 M NaCl, pH 2 2 g/l KF) in which the electrochemical measure-
ments were conducted is characterised by high corrosivity compared to
titanium alloys. It is a more aggressive environment than that of typical
electrolytes for corrosion tests (e.g. artificial saliva, SBF). Voltammetric
measurements (polarization curves) were carried out at a scan rate of
1 mV/s within a range of−150mV to 1000 mV versus open circuit po-
tentials, and polarization curves corresponding to all examined mate-
rials were recorded. Prior to each polarization experiment, the
samples were immersed in the electrolyte for 1 h while monitoring
open circuit potential to establish steady state conditions. Each electro-
chemical measurement for the same material was performed three
times. In the paper we show only themost representative results. How-
ever, 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 an Ag/AgCl electrode
with a Luggin capillary as a reference electrode and a platinum wire as
the auxiliary electrode (counter electrode). The measurements were
carried out by means of an Autolab EcoChemie System of the
AUTOLAB PGSTAT 302N type equipped with GPESv. 4.9. software in
aerated solutions at room temperature. The values of the corrosion cur-
rent densities (icorr) were obtained from the polarization curves by the
extrapolation of the cathodic and anodic branch of the polarization
curves to the corrosion potential [31].

3. Results and discussion

3.1. Structural characterisation of the TiAlV/SiN/graphene/SiN/graphene
coating systems

In Fig. 2 an exemplary SEM image is shown of a titanium alloy sur-
face covered by silicon nitride thin films, corresponding to all measured
samples. The surfaces of all measured samples are smooth, without
cracks or damage.

In Fig. 3 an exemplary SEM image is shown of the graphene mono-
layer deposited on a silicon nitride transitions layer. This image is appro-
priate for each of the prepared samples. The sample surfaces remain
smooth, without cracks or damage and with visible grains of the
graphene layer.

In the Raman spectra for the graphene layers deposited on the re-
spective silicon nitride transition layers, the negligible D mode is seen,
suggesting that the graphene layer in each prepared sample is without
structural defects. Furthermore the intensity ratio of the G and 2D
modes shows that the deposited graphene layer, on each investigated
sample, is indeed a graphene monolayer. In Fig. 4 an example Raman
spectrum is shown, appropriate for each of the prepared samples.

In Fig. 5 SEM images are shown of silicon nitride thin films deposited
on top of prepared coating structures. As the obtained results show, the
structural properties of the deposited silicon nitride thin film depend on
the thickness of the SiN transition layer.

For the SiN(100)/graphene/SiN(200) and SiN(200)/graphene/SiN(200)

samples we found some areas where the SiN layer peeled away from
the graphene surface forming holes in the upper SiN layer. The results
obtained suggest low silicon nitride adhesion to the thin carbon layer.
However, depending on the thickness of the silicon nitride transition
layer, the size of the holes formed in the layer changes. The thicker the
transition layer, the less damage to the upper SiN layer is observed
(compare Fig. 5a and 5b).

For the SiN(300)/graphene/SiN(200) coating system, in the surface of
upper silicon nitride thin film, no cracks, deformation or defects were
observed. The surface of the top silicon nitride thin film is without
holes or flakes (see Fig. 5c).

For comparison, in Fig. 6 the SEM image of the silicon nitride thin
film deposited on the titanium alloy surface covered a graphene mono-
layer, without a transition layer, is shown. In this imagewe foundmany
areas where the SiN layer peeled away from the graphene surface



Fig. 3. An exemplary SEM image of a graphene monolayer deposited on a silicon nitride
transition layer.

68 M. Kalisz et al. / Surface & Coatings Technology 299 (2016) 65–70
forming holes in the SiN layer, which suggests low silicon nitride adhe-
sion to the thin carbon layer [23,24].

The Raman spectra collected in peeled off areas, in samples of
SiN(100)/graphene/SiN(200) and SiN(200)/graphene/SiN(200), show the ex-
istence of amorphous carbon (Fig. 7) [32]. Our previous research shows
that the SiN deposition process seems to strongly deteriorate the quality
of deposited graphene [23,24].

The Raman spectra collected in the SiN(300)/graphene/SiN(200) sam-
ple, showing the existence of an SiN thin film only (no evidence of car-
bon) (see Fig. 8). This might be caused by the fact that the SiN(200) layer
deposited on top of the graphene layer is to thick and completely
screens the Raman carbon signal from the underling graphene layer, es-
pecially if this is an amorphous carbon layer, which usually has a lower
intensity than graphene [23,24].

As the obtained results show, the best structural properties were ob-
tained for the SiN(300)/graphene/SiN(200) sample with the 300 nm thick
silicon nitride transition layer incorporated at the structure interface,
between the titanium alloy surface and the graphene/SiN(200) coating
system.

3.2. Potentiodynamic tests

Fig. 9a and 9b show the course of the open circuit potential (OCP)
and the course of the polarization curves of all tested samples in a
0.5 M/l NaCl, 2 g/l KF, pH = 2 electrolyte solution. The results of the
measurements of the electrochemical parameters of the samples ob-
tained from the polarization curves are shown in Table 3.

The results obtained have shown that all studied SiN/graphene/SiN
coating systems are highly resistant to corrosion in very aggressive en-
vironments, which is expressed by a decrease of the corrosion current
Fig. 4. An exemplary Raman spectrum of a graphene layer deposited on an SiN transition
layer.

Fig. 5. SEM images of a) the SiN(100)/graphene/SiN(200) coating system, b) the SiN(200)/
graphene/SiN(200) coating system and c) the SiN(300)/graphene/SiN(200) coating system.
density icorr and a shift of the corrosion potential Ecorr values to the
noble potentials.

For the samples with the SiN(100)/graphene/SiN(200) and SiN(200)/
graphene/SiN(200) coating systems, the corrosion current density values
obtained are very similar and equal 1.08 · 10−8 [A/cm2] and 2.11 · 10−8

[A/cm2], respectively. The values obtained are similar to those obtained
for thicker SiN(500) coating systemswithout a graphenemonolayer. This
is confirmation of our previous research into the impact of graphene
monolayers on the corrosion properties of thin films deposited on tita-
nium alloy surfaces [22–24].



Fig. 6. An SEM image of the graphene/SiN coating system, without a transition layer.

Fig. 8. Raman spectra collected in the SiN(300)/graphene/SiN(200) sample.
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From the all tested samples, the lowest corrosion current density
and therefore the best corrosion properties were obtained for the
SiN(300)/graphene/SiN(200) coating system. The value of the corrosion
current density obtained for the SiN(300)/graphene/SiN(200) coating sys-
tem was 1.11 · 10−10 [A/cm2]. This value is almost two orders of mag-
nitude lower than the value of the corrosion current density obtained
for the SiN(100)/graphene/SiN(200), SiN(200)/graphene/SiN(200) and
SiN(500) coating systems.

Furthermore, the course of the voltammetric curves for titanium
alloy and titanium alloywith a SiN coating (Fig. 9a) indicates the passiv-
ation of the sample surface, probably the passivation of metallic tita-
nium. At potentials of about −0.5 V a decrease in current density
occurs. This phenomenon does not occur with the other samples, i.e. ti-
tanium alloy with SiN–graphene coatings.

It should also be noted that SiN-graphene coatings have high dura-
bility, even during exposure in aggressive electrolyte. For these samples
the courses of the corrosion potentials were very stable. During one
hour's exposure the potential changed by only about 60mV. For the un-
coated titanium alloy sample, after about 500 s a sharp decline in the
value of the potential from −0.3 V to −1.0 V takes place (see Fig. 9a).
This change is caused by damage to the oxide layer present on the sur-
face of the titanium alloy. The oxide layer acts as a barrier and protects
against general corrosion processes. However, in the acidic pH (pH
approx. 2) environment, the protective layer is unstable and the corro-
sion processes typical formetallic Ti and its alloys are initiated. This phe-
nomenon is accelerated in the presence of aggressive ions such as
Fig. 7. Raman spectrum of a samplewith the SiN layer deposited on a graphenemonolayer
taken in the SiN peeled-off area, showing a significantly damaged carbon layer.
fluoride ions [33–36]. A similar OCP course was observed for titanium
alloy covered by the SiN(500) thin film (see Fig. 9a). In this case after
about 2040s a sharp decline in the value of the potential, from −0.4 V
to −0.8 V, takes place. This is probably due to the penetration of the
coating by the electrolyte and the beginning of the corrosive titanium
alloy reaction.
Fig. 9. Open circuit potential (OCP) (a) and polarization curves (b) of Ti6Al4V titanium
alloy and titanium alloy with the SiN(500), SiN(100)/graphene/SiN(200), SiN(200)/graphene/
SiN(200) and SiN(300)/graphene/SiN(200) coating systems.



Table 3
Corrosion tests results of the pure titanium alloy, Ti6Al4V alloy with the SiN(500) coating
system and Ti6Al4V alloy with the SiN(100)/graphene/SiN(200), SiN(200)/graphene/SiN(200)

and SiN(300)/graphene/SiN(200) coating systems obtained from polarization curves in a
0.5 M NaCl, pH = 2, 2 g/l KF solution.

Sample Icorr [A/cm2] Ecorr [V]

Ti6Al4V/SiN(100)/gr/SiN(200) 1.08 · 10−8 −0.49
Ti6Al4V/SiN(200)/gr/SiN(200) 2.11 · 10−8 −0.58
Ti6Al4V/SiN(300)/gr/SiN(200) 1.11 · 10−10 −0.41
Ti6Al4V/SiN(500) 6.72 · 10−8 −0.92
Ti6Al4V 1.25 · 10−6 −0.87
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The SiN(300)/graphene/SiN(200) coating system is characterised by
the best corrosion properties from among all the tested coating systems.

4. Summary

We have shown that a SiN transition layer incorporated at the struc-
ture interface, between the titanium alloy surface and the graphene/
SiN(200) coating system, significantly changes its structural and corro-
sion properties. The structural properties of the graphene/SiN coating
system depend on the thickness of the transition layer, and the thicker
the transition layer, the better they are.With the 300 nm thick SiN tran-
sition layer at the structure interface, the upper silicon nitride thin film
from the graphene/SiN coating systemhas no holes or flakes. Thewhole
coating system is characterised by very good structural parameters and
excellent corrosion resistance. Such prepared coating structure protects
the titanium alloy surface against the corrosion processes that take
place on pure titanium alloy surfaces in very aggressive environments.

In the next step, investigationswill be performed to assess the dura-
bility of the corrosion and mechanical properties of the multilayer hy-
brid system (SiN/graphene) during temporary exposure in corrosive
environments (artificial saliva, SBF etc.). Theywill involve electrochem-
ical impedance measurements to complete the study of the corrosion
properties of multilayer hybrid systems.
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