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a  b  s  t  r  a  c  t

Objective. The presence of metallic species around failed implants raises concerns about
the  stability of titanium alloy (Ti-6Al-4V). Graphene nanocoating on titanium alloy (GN) has
promising anti-corrosion properties, but its long-term protective potential and structural
stability remains unknown. The objective was to determine GN’s anti-corrosion potential
and  stability over time.
Methods. GN and uncoated titanium alloy (Control) were challenged with a highly acidic flu-
orinated corrosive medium (pH 2.0) for up to 240 days. The samples were periodically tested
using potentiodynamic polarization curves, electrochemical impedance spectroscopy and
inductively coupled plasma-atomic emission spectroscopy (elemental release). The integrity
of  samples was determined using Raman spectroscopy, X-ray photoelectron spectroscopy,
atomic force microscopy and scanning electron microscopy. Statistical analyses were per-
formed with one-sample t-test, paired t-test and one-way ANOVA with Tukey post-hoc test
with a pre-set significance level of 5%.
Results. There was negligible corrosion and elemental loss on GN. After 240 days of corro-
sion  challenge, the corrosion rate and roughness increased by two and twelve times for the
Control whereas remained unchanged for GN. The nanocoating presented remarkably high
structural integrity and coverage area (>98%) at all time points tested.
Significance. Graphene nanocoating protects titanium alloy from corrosion and dissolution
over a long period while maintaining high structural integrity. This coating has promising
potential for persistent protection of titanium and potentially other metallic alloys against
corrosion.
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1.  Introduction

Clinical studies have shown that titanium alloys undergo bio-
corrosion leading to accumulation of metallic species, ions
and oxides in tissues, even in the absence of wear [1–4]. Metal-
like particles have been detected in cytologic smears from
patients with or without peri-implant disease [5] and tita-
nium particles have been found in both hard and soft tissues,
and submucosal plaque of patients with peri-implantitis [1,2].
Likewise, titanium particles have been identified in the jaw
bone marrow tissues close to dental implants in a post-mortem
study [3]. These metallic particles can potentially trigger unfa-
vorable tissue inflammation and foreign body reaction [4,6].

Titanium alloys are constantly exposed to acido-
genic/aciduric microflora, fluctuating pH and electrolyte
levels that can challenge passivation and promote corrosion
[7,8]. Several strategies have been developed to prevent or
minimize corrosion of titanium alloys. For instance, anodiz-
ing commercially pure titanium significantly improved its
corrosion potential (Ecorr from "0.7 V to "0.4 V) [9]. However,
the oxygen evolution process during anodization can increase
oxide rupture, leading to increase electrolytic interaction
at the substrate surface [10,11]. Similarly, nitride coatings
reduced the corrosion current density (jcorr) of Ti-6Al-4V by
almost two times with increasing titanium nitride phase
in the coatings [12], whereas 25 wt% H2O2 had significantly
improved passivity (Ecorr from "0.5 V to "0.2 V) [13].

Graphene nanocoating on titanium (GN) is cytocompatible,
enhances bone formation in vivo and decreases biofilm forma-
tion [14–17]. It can be deposited on two- or three-dimensional
titanium objects like locking compression plates and collar
of dental implants [18] since multilayered graphene has high
electromechanical stretchability due to the strain relaxation
enabled by sliding between the layers [19]. Graphene’s hexag-
onal atomic structure has a lattice constant of 2.46 Å and
pore size of 0.064 nm which makes it highly impermeable [20].
Graphene coatings have shown high anti-oxidation potential
over Cu and Cu/Ni alloys subjected to air heat treatment at 200
#C for 2 days or immersion in H2O2 for 45 min  [21]. Likewise,
graphene coatings have significantly altered corrosion poten-
tial (Ecorr) of Cu (from "0.18 to "0.01 V) and Ni (from "0.43 to
"0.16 V) in a more  anodic direction [22]. Excitingly, GN is also
not affected by microbiologically influenced corrosion [23] and
prevents alloys’ surface oxidation and significant changes in
elemental composition [24].

The slowness of corrosion processes for passive metals ren-
ders short-term experiments (<1000 h) unable to depict the
anti-corrosion potential of materials in the long-run [25]. Also,
most of the anti-corrosion strategies are tested with solutions
deemed to be “physiologically relevant” with quasi-neutral pH
which have limited potential to challenge the passivity of bio-
materials [26]. These factors restrict the understanding of how
biomaterials that remain implanted for the longest time can
benefit from anti-corrosion strategies. Despite the promising
results, the anti-corrosion potential and structural integrity of
GN upon long-term exposure to acidic environment remains
unknown. Thus, the objective of this work was to study the
corrosion resistance behaviour of GN after prolonged acidic
challenge. The hypothesis tested was that GN can prevent

the corrosion of titanium alloy for 240 days while maintain-
ing high structural integrity and electrochemical stability. Our
study confirms that GN provides long-term protection against
corrosion and alloy elemental dissolution. These effects, allied
to the remarkably high structural stability, render GN as a
promising strategy to protect implants and devices from cor-
rosion and dissolution in humans.

2.  Materials  and  method

2.1.  Sample  preparation  and  corrosion  challenge

Grade 23 Ti-6Al-4V ELI alloy (Control, Vulcanium, USA) discs
(12.7 mm diameter, 1 mm thickness) were polished (up to
P2500 SiC paper PlanarMet 300 and CarbiMet, Buehler, USA)
to a final arithmetic roughness average (Ra) of 0.05 ± 0.02 !m.
Afterward, the discs were cleaned in ultrasonic bath using
acetone, isopropanol, and deionized water (15 min  each) and
stored (24 #C, RH: 24%).

Graphene was grown on Cu foils (Graphene Platform, Japan)
via chemical vapor deposition (CVD) in the presence of 16
sccm CH4 and H2 (30 min, 1030 #C, 425 mTorr [18]). The
graphene growth was ascertained by Raman spectroscopy (532
nm excitation laser, CRM 200, Witec, Germany) through the
identification of D, G and 2D peaks at 1350, 1580 and 2680 cm"1,
respectively.

The graphene film was deposited on titanium (GN) via a
polymer supported dry transfer method (Appendix Fig. S1
and [24]). Briefly, graphene on Cu foil was coated with poly-
dimethylsiloxane (PDMS, Dow Corning, USA) and a polyimide
tape (3M, USA). Thereafter, the Cu was etched in ammonium
persulphate (24 h), washed in deionized water (2 h) and dried
with N2. The transfer tape was placed on the disc and the set
was positioned between two prefabricated PDMS blocks. This
assembly was subjected to multiaxial pressure created in a
vacuum chamber (0.02 bar, 60 s). Finally, the transfer tape was
peeled off leaving graphene coating over the disc. The entire
procedure was repeated thrice on each side of the disc.

The Control and GN samples were soaked individually in
polystyrene conical tubes containing 10 ml  of corrosion solu-
tion [0.5 M NaCl (analytical grade, Sigma-Aldrich, USA) and 2
ppm NaF (Specpure F ion chromatography standard solution,
Thermo Fisher Scientific, USA) in deionized distilled water (pH
2.0 ± 0.2 adjusted with 0.1 M HCl), [24]] and kept at 37 #C for up
to 240 days. At each time point, samples were washed once in
distilled water, and air dried before the subsequent analyses.

2.2.  Electrochemical  characterization

The anti-corrosion potential was analyzed using potentio-
dynamic polarization curves and electrochemical impedance
spectroscopy (EIS). All the measurements were done in an
electrochemical cell comprising of platinum mesh as counter,
titanium disc as working and Ag/AgCl as reference electrode
in an electrolyte solution as described in [24]. Firstly, the open
circuit potential (OCP) was determined for 300 s till stability.
Next, the polarization sweeps were obtained from "1.5 to 1.0
V(Ag/AgCl), with a scan rate of 0.2 mV/s. Corrosion potential
(Ecorr), corrosion current density (jcorr) and polarization resis-
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Fig. 1 – (A) Polarization sweeps showing anodic shift in the Ecorr by GN samples; (B) Bode amplitude-phase angle plots
showing higher impedance and close to "90# phase angle by GN samples; (C) Corrosion rate of Control (red) and GN (blue)
samples showing a constant corrosion rate of $0.001 mm/yr with GN samples; (D) Elemental ion release observed for
titanium (Ti), aluminum (Al) and vanadium (V) as determined by ICP-AES analysis showing negligible ion release by GN
samples (A and B: red lines represent Control (Ti-6Al-4V) and blue lines represent graphene nanocoated titanium samples
(GN); C and D: * means statistical difference p < 0.05, one sample T-test, ND is not detected. The limit of detection was 0.001
ppm for Ti, 0.002 ppm for Al and 0.01 ppm for V). (For interpretation of the references to colour in the figure legend, the
reader is referred to the web version of this article.)

tance (Rp) were obtained using Tafel analysis. The corrosion
rate (CR) was calculated using Eq. 1 where k is a constant that
defines the corrosion rate unit (3.27 $ 10"3 for calculations in
mm/yr), jcorr is corrosion current density, E.W. is equivalent
weight of titanium alloy and d is density of alloy.

CR = (k  $ jcorr $ E.W.) /d (1)

For EIS, impedance spectra were acquired at the OCP using
a sinusoidal voltage perturbation in the frequency range from
10 kHz to 0.01 Hz and an amplitude of 10 mV.  A Randles
equivalent electrical circuit was used to fit EIS results (Z-view
software) to obtain the charge transfer resistance (Rct) and
double layer capacitance (Cdl). The suitable fit was confirmed
with "2 value less than 0.001.

2.3.  Surface  and  elemental  characterization

The coverage yields and structural integrity of GN were charac-
terized by Raman spectroscopy (Section 2.1, 10 areas selected
randomly from 3 samples each). The surface topography and
roughness were characterized by atomic force microscopy
(AFM, Icon and NanoScope 1.8, Bruker AXS, Germany) in
tapping mode using a silicon nitride cantilever (resonance fre-
quency: 50"90 kHz; spring constant: 0.4 N/m). The surface
morphology was characterized using field emission scanning

electron microscope (JSM-6701 F, JEOL, USA) in both, secondary
electron (SE) and back scattering electron mode (BSE).

The X-ray photoelectron spectroscopy (XPS, VG Scientific
ESCA Mark 2, USA) spectra were collected using the following
parameters: X-ray source mono Al K# = 1486.71 eV, 15 kV $ 20
mA,  300 W,  depth detection range 10 nm and beam spot size
%10 mm.

The elemental release was assessed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES). The titanium
(Ti), aluminum (Al) and vanadium (V) ions were quantified
using Optima 5300DV (Perkin Elmer, USA) as detailed in the
Appendix. Negative control was the corrosion solution in the
polystyrene tubes without disc.

2.4.  Statistical  analysis

All tests were performed in triplicates and discs were dis-
carded at each time point. Shapiro-Wilk and Lavene’s tests
were performed to check the normality and homogeneity
of the data. The statistical tests used to analyze were one-
sample t-test (for comparisons between Control and graphene
nanocoated samples), paired t-test (for comparisons of spe-
cific groups at different time points) and one-way ANOVA with
Tukey post-hoc variations (to compare differences between
graphene characteristics at each time point) with a pre-set
significance level of 5% (SPSS Statistics v. 22.0, IBM, USA).
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Table 1 – Tafel analysis of polarisation sweeps showing corrosion potential and corrosion current density (Ecorr and jcorr),
polarization resistance (Rp) and open circuit potential (OCP). The values are mean ± standard deviation of three
independent samples. One-sample t test was performed to analyse difference between Control and GN samples (*
denotes statistical difference at p < 0.05). Paired-t test was performed to analyse difference each group from
pre-immersion (0 d) values (# means p < 0.05).

Immersion time (days) Group Ecorr (V) jcorr (!A/cm2) Polarization resistance (M!) OCP (V)

0
Control "0.42 ± 0.01 1.13 ± 0.03 0.80 ± 1.01 "0.21 ± 0.06
GN "0.21 ± 0.07* 0.05 ± 0.03* 2.94 ± 1.76* 0.33 ± 0.20*

30
Control "0.28 ± 0.12 0.10 ± 0.03# 0.91 ± 0.24 0.29 ± 0.05#

GN "0.17 ± 0.04 0.04 ± 0.01* 2.55 ± 0.36* 0.41 ± 0.12

180
Control "0.28 ± 0.04 0.24 ± 0.01# 0.31 ± 0.03 0.45  ± 0.03#

GN "0.13 ± 0.11 0.05 ± 0.01* 1.58 ± 0.49* 0.74  ± 0.13*,#

240
Control "0.38 ± 0.03 0.16 ± 0.07# 0.46 ± 0.16 0.49 ± 0.04#

GN "0.24 ± 0.01* 0.09 ± 0.02* 1.15 ± 1.43* 0.41 ± 0.01

Table 2 – Surface coverage and structural characteristics of GN. The coverage area and structural characteristics were  not
significantly affected by the corrosion challenge (values are mean ± standard deviation of three independent samples;
One-way ANOVA with Tukey post-hoc test. * means statistical difference at p < 0.05).

Immersion time (days) Coverage (%) FWHM2D I2D/IG ID/IG

0 99.87 ± 0.01 33.71 ± 4.02 1.34 ± 0.09 0.17 ± 0.09
30 99.23 ± 0.00 37.87 ± 0.34* 1.31 ± 0.02 0.10 ± 0.03
180 97.66 ± 1.59 35.88 ± 0.62 1.43 ± 0.04* 0.19 ± 0.02
240 98.25 ± 1.22 35.86 ± 2.14 1.26 ± 0.09 0.20 ± 0.04

3.  Results

3.1.  Superior  electrochemical  characteristics  of
graphene  nanocoated  samples  after  long-term  corrosion
challenge

The polarization sweeps (Fig. 1A) show that GN samples
presented higher passivity compared with the Control coun-
terparts at all time points tested. Tafel outcomes (Table 1) at 0
day demonstrate that GN samples had relatively anodic Ecorr

("0.214 V), lower jcorr (0.050 !A/cm2) and higher polarization
resistance (Rp 2.945 M!) than the Control samples (Ecorr "0.422
V; jcorr 1.135 !A/cm2; Rp 0.805 M!), suggesting decreased
anodic dissolution and higher resistance to oxidation of GN
samples. After 240 days, the electrochemical characteristics
of GN samples remain unchanged with an anodic Ecorr and
stable jcorr compared with Control. Further, GN samples dis-
played no significant change in the open circuit potential (OCP,
Table 2) after corrosive challenge (0.333 V at 0 to 0.417 V at 240
days), suggesting its high thermodynamic stability following
long immersion periods. The corrosion rate of Control samples
at 0 day (&0.0085 mm/yr), reduced to &0.0020 mm/yr after 240
days, whereas GN was able to maintain the very low corro-
sion rates throughout the study (&0.009 mm/yr at 240th day,
Fig. 1C).

The Nyquist (Appendix Fig. S2) and Bode-impedance and
phase angle plots (Fig. 1B) of the samples over 240 days immer-
sion show a constant and greater impedance (|Z|) exhibited
by GN at all the immersion periods. After 240 days of immer-
sion, the |Z| displayed by GN samples was higher (&105 ! cm2)
compared with the Controls (&104 ! cm2), indicating lower
electrolyte permeation and superior degradation resistance of
GN. Further, the phase angle observed with GN samples, over
a wide range of low to intermediate frequency, was close to
"90# at 240th day, while Control samples displayed an arc shift
towards the lower frequency.

Next, we used Randles equivalent electrical circuit to
quantitatively analyse EIS data (Fig. 2A). After fitting the
data, we observed that the charge transfer resistance (Rct)
exhibited by the GN samples almost doubles after each immer-
sion time point reaching 4.48 ± 1.02 M!  cm2 at 240th day
(Fig. 2B), indicative of minimal electron transfer at the coating-
titanium interface. On the other hand, the Control has a
significantly lower Rct at 240th day (0.58 ± 0.05 M!  cm2)
indicating lower resistance for electron exchange at the tita-
nium surface and thus a poor corrosion resistance. Finally, GN
samples presented constantly lower double layer capacitance
(Cdl)compared with Control at all tested time points (Fig. 2C).

3.2.  Graphene  nanocoated  samples  prevents  ion
release  from  the  underlying  titanium  alloy

Fig. 1D shows the level of ions leached out from underlying
titanium disc after immersion in corrosion media. Substantial
ions release was observed from the Control, more  concerning
after 30 days immersion with release of 2.08 ppm of Ti, 0.31
ppm of Al and 0.17 ppm of V whereas GN samples had negli-
gible ion release for Ti and V and 0.22 ppm of Al at the end of
the experiment.

3.3.  Graphene  nanocoating  maintains  high  structural
integrity  after  long-term  corrosion  challenge

The Raman mappings show remarkably high coverage of GN
after the acidic challenge with less than 2% loss of coverage
(99.8% at 0 day vs.  98.2% at 240th day). The full width at half
maximum (FWHM) of 2D peak was greater than 33.7 cm"1

throughout the experiment while I2D/IG was lower than 1.5
after 240 days. A constantly low ID/IG ratio was noted through-
out the experiment (0.20 at 240th day, Fig. 3A and Table 2).

The wide XPS spectra (Appendix Fig. S3) displayed three
distinct peaks corresponding to Ti 2p, O 1s and C 1s. The carbon
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Fig. 2 – (A) Randles equivalent electrical circuit used for quantitative measurement of EIS data, showing solution resistance
(Rsol), double charged layer (Cdl) and charge transfer resistance (Rct). (B) Rct and (C) Cdl showing a higher resistance and lower
capacitance exhibited by GN samples compared to Control (* means statistical difference p < 0.05, One-sample t test was
performed to analyse difference between Control (red) and GN (blue) samples at each time point). (For interpretation of the
references to colour in the figure legend, the reader is referred to the web version of this article.)

C 1s core level was studied further to analyse the hybridiza-
tion state of the carbon atoms in GN. The deconvolution of C 1s
peak (Fig. 3B) shows a dominance of C C sp2 peak (BE = 284.4
± 0.1 eV) with 84.4% and 78.3% at 0 and 240th day respectively.
A relatively lower proportion of C C sp3 peak is also seen at
BE = 285.1 ± 0.3 eV with very low degree of oxidation at &5%
in both samples. On examining the sp2 fraction [calculated
by sp2/(sp2 + sp3 + oxidised carbon)], it was seen that long-term
corrosion did not significantly change GN’ structural charac-
teristics (0.84 vs. 0.78 at 0 and 240th day, respectively).

Characterization via AFM and SEM showed GN samples
remained mostly unaffected throughout the study whereas
the Control presented large defective areas and features of
inter-granular dissolution (red arrows in BSE mode, Fig. 4A, all
time points in Appendix Fig. S5). The Raremained unchanged
in GN group, while it increased twelve times in Control after
240 days immersion (Appendix Fig. S4).

4.  Discussion

The presence of metal ions and nanoparticles in tissues
around healthy and diseased implants raises concerns that
titanium alloys undergo corrosion clinically [1–4]. Graphene
nanocoating on titanium (GN) has promising anti-corrosion
potential [23,24]. However, GN’s ability to protect titanium
from corrosion while maintaining its structural integrity over
long period of corrosive challenge has remained unknown.
Anti-corrosion properties can be tested with simulated body
fluid and Ringer’s solution. Despite being regarded as “phys-
iologically relevant”, these solutions present very limited
reactivity to provoke extensive anodic dissolution of metals
[26]. The acidic fluoridated solution used here can indeed
challenge the samples as it accelerates the chemical reactiv-
ity, destabilizes passive layers enhancing corrosion and ion
release [27,28]. It is feasible that a coating that endures this
extremely high corrosive environment, have a greater chance
to perform well in living tissues, but this is to be confirmed
in-vivo. Herein, we  show that GN kept favourable electrochem-
ical characteristics, high coverage area and structural integrity
after 240 days exposure to a highly corrosive acidic.

The favourable electrochemical characteristics, especially
constantly lower jcorr and anodic Ecorr manifest superior cor-
rosion resistance offered by GN following long-term corrosive
challenge (Fig. 1A and Table 1). The Ecorr obtained for GN rang-
ing from "0.2 to "0.1 V is comparable to the value observed for
other graphene films on copper and copper/nickel substrates
(0.3 V) [21,22]. Notably, GN had a constantly low corrosion rate
(Fig. 1C) rendering the coated substrate to be inert to relevant
electrochemical and corrosive changes [24]. Conversely, the
Control group presented low polarization resistance, high cor-
rosion rate and a 12-fold increase in surface roughness that is
often related with higher susceptibility to corrosion, elemental
ion leaching and degradation [29].

Further, Nyquist and Bode plots were used to assess
the corrosion dynamics, and to determine diffusion lim-
ited reactions and impedance characteristics. Compared with
the Control, GN samples presented a constant and greater
impedance (|Z| of &105 vs.  &104 ! cm2, Fig. 1B) and higher
Rct (4.48 vs. 0.58 M!  cm2) indicating lower electrolyte per-
meation, minimal electron transfer at GN/titanium surface,
decreased anodic dissolution and ultimately high corrosion
resistance [24,30]. This is likely because the graphene layers
impede the electrolyte permeation to the substrate surface,
offering corrosion protection [23,31]. Notably, our data shows
negligible elemental ion release from the titanium alloy in
the presence of GN even after 240 days of corrosive challenge.
Owing to 2-dimensional hexagonal lattice arrangement in GN,
the presence of free $-electrons forms a highly electrically
repulsive $-orbital over and under the graphene film. These
$-orbitals blocks the gap within the aromatic rings and does
not allow the molecules to pass through even at a high pres-
sure [32,33]. Also, the van der Waals radius of carbon (0.11
nm)  and the C C bond length in hexagonal arrangement of
graphene (0.142 nm)  produces a pore size of only 0.064 nm,
accounting to its impermeability [33]. Nonetheless, it is pos-
sible that the small uncoated areas on GN (<2%, Fig. 3A and
Table 2) allow for limited penetration of acidic solution and
ion migration from the alloy to the environment. Indeed, the
occlusion of defects present on GN lattice has been suggested
as a mechanism to prevent ingress of liquids between the GN
layers, decreasing the likelihood of moisturization of the tita-
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Fig. 3 – (A) Raman mappings showing GN on titanium alloy maintain coverage area and structural integrity at different
immersion times in corrosion media. The mappings show that the GN kept high coverage yield (>97%) for all time points
tested (black pixels denote the absence of graphene). The analyses of FWHM and I2D/IG showed that the corrosion challenge
was not able to significantly decrease the quality of the GN (the constraints of FWHM was kept at 1.2 ± 0.2 to ensure correct
fitting). (B) The deconvolutions of C 1s peak at 0 and 240 days show C C bonding at sp2 (red) and sp3 (green) hybridization
state and oxidized carbon (blue). (For interpretation of the references to colour in the figure legend, the reader is referred to
the web version of this article.)

nium substrate [23]. The higher release of Al compared with
V ions after 240 days (Fig. 1D) can be related to the higher ion
migration, lower dielectric constant (than titanium dioxide)
and relatively smaller size of Al, which accounts for its higher
mobility of as compared to others species [34].

Graphene film grown by CVD remains attached to biomed-
ical titanium alloys when scratched with metal and carbon
probes, and can withstand the torque applied for instal-
lation of dental implants in-vitro [24,35]. Herein, GN kept
extremely high structural integrity and stability, and the struc-
tural characteristics (FWHM2D > 30 cm"1, I2D/IG < 1.5 and ID/IG

' 0.2) indicate a nearly defective-free state even after 240
days corrosive challenge [36,37]. This high structural stabil-
ity can be explained by the molecular dynamics which are
energetically favourable for superior chemical adsorption of
graphene/titanium [38]. The interaction between titanium and
graphene promotes a red shift of the G and 2D peaks in the
Raman spectra, suggesting that titanium atoms diffuse at the
graphene surface, inhabiting the lattice vacancies or forming
bonds with carbon atoms [18,36]. Moreover, the density func-
tional theory shows a more  stable and strong p-d hybridization
which may  occur between carbon and titanium, resulting in
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Fig. 4 – (A) Field emission scanning electron microscope in back scattering electron mode (BSE) and atomic force microscope
images (B) at 0 and 240 days of immersion in corrosion media. The images in BSE mode show intragranular dissolution of
Control samples (red arrows) whereas GN samples did not present noticeable dissolution throughout the study. The blue
arrows indicate folds that are characteristic of graphene coatings on titanium and other substrates. Detailed SEM (in SE and
BSE modes) and AFM images for all time points can be found in Appendix Fig. S5. (For interpretation of the references to
colour in the text and figure legend, the reader is referred to the web version of this article.)

strong affinity [39]. In CVD-grown graphene with high purity
and quality (as the one produced by us, Fig. 3A), there is a
large binding energy of carbon to titanium as the free tita-
nium atoms bonds with the dangling carbon atoms, producing
a tight, stable and energetically favourable scenario [40]. Thus,
the high attraction and intermingling between the carbon
atoms of graphene into titanium lattice may  be essential for
the high integrity of GN despite being challenged for 240 days
by harsh acidic solution.

Despite the promising results, this work has limitations.
For instance, static corrosion set-ups are used to study corro-
sion, but they do not consider the influence of cyclic loading
in the experimental design. Further studies shall unveil the
anti-corrosion potential of GN under different stressors and
benchmark it against other anti-corrosion strategies. Never-
theless, our GN has very high anti-corrosion potential and
ability to remain structurally stable on titanium alloy despite
the prolonged exposure to harsh acidic environment.

5.  Conclusion

Graphene nanocoating was able to protect the titanium alloy
from corrosion and maintained this potential even after
being challenged for 240 days with a very acidic solution.
Importantly, graphene nanocoating kept very high structural
integrity throughout the study. Thus, graphene nanocoating
is a promising candidate to prevent the corrosion of titanium-
based and possibly other types of metal implants. It has great
potential to not only the dental and biomedical sectors but
also other industries where corrosion is a great concern.
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