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This study investigated the mechanical and anti-corrosive properties of two graphene derivatives
multi-layer coatings applied to a superelastic NiTi alloy. Several aspects of the coating process and
electrochemical characterization remain unclear, including the impact of a multilayer during dip-
coating on the final morphology and corrosion resistance of the system. Additionally, the relationship
between long-term immersion tests, mechanical cycling and the anti-corrosion performance of these
coatings requires further investigation. The coatings were formulated with GO and rGO dispersed
in SEBS to be deposited as flexible nanometer films on NiTi wires using the dip-coating technique.
The coating characterization was conducted through scanning electron microscopy, atomic force
microscopy, X-ray diffraction and energy dispersive scattering. The mechanical performance under
superelastic loading-unloading cycles was evaluated using uniaxial tensile tests. Potentiodynamic
polarization and electrochemical impedance spectroscopy analyses were employed to assess corrosion.
The potentiodynamic polarization results demonstrated an enhancement in corrosion resistance for the
coated samples, particularly in specimens coated with rGO. Additionally, electrochemical impedance
spectroscopy analysis revealed superior performance of the coating containing GO after 21 days of
immersion in a simulated body fluid. These findings represent an advancement in the investigation of

the NiTi surface modification by graphene derivatives.
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1. Introduction

Since their discovery in 1963 by Buehler et al.!, NiTi
alloys have been used in a variety of applications, such as
orthodontic wires, guide wires, medical stents, actuators for the
acrospace industry, devices based on the high damping capacity
of shape memory alloys, and others?. NiTi is the material
of choice to produce modern endodontic rotary instruments
and is preferred for specific applications over conventional
implant materials due to their high biocompatibility and distinct
properties®, such as superelasticity (SE) and shape memory
effect (SME). SE occurs by the stress-induced martensitic
transformation upon loading, and the subsequent reverse
transformation upon unloading, allowing the recovery of
large deformations. The SME is the recovery of an apparent
plastic deformation through structural transformation when
the alloy is heated above a certain limit*.

Although a high corrosion resistance is expected due to
the spontaneous formation of a thin passive film of TiO, on
the surface of near-equiatomicNiTi alloys, its stability against
corrosion strongly depends on the surface conditions®. Several

*e-mail: dalila@ufop.edu.br

surface modification techniques have been investigated to
improve the surface of NiTi alloys, such as electrochemical
processes and dip-coating®®. Comparing coating techniques,
multilayer dip coating is simple, inexpensive, and ideal for
uniform, multilayer films, but can be time-consuming for
thick films. Electrochemical deposition offers precision and
strong adhesion, but is limited to conductive substrates. Spray
coating is fast and flexible for large areas, but less precise
for complex geometries!'™!!,

Dip-coating is applicable to many materials beyond
NiTi alloys, including stainless steel for biomedical and
industrial uses, aluminum and titanium alloys for aerospace
and automotive, ceramics for protective films, and polymers
for functional coatings in electronics and textiles. However,
challenges like material wastage, thickness uniformity
on complex geometries, and adhesion issues can arise.
Despite these limitations, advances in surface preparation
and automation continue to enhance its utility, making it a
valuable method for scalable applications across industries'?.

Aun et al.observed that a TiO,nanometric coat may be
successful in preventing premature failure and corrosion of
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NiTi endodontic instruments. Guo et al." used selective laser
melting to coat a NiTi alloy with graphene oxide aiming to
increase its corrosion resistance.

Graphene, an atomically thin layer of carbon, has
several unique physical and chemical characteristics!>!¢.
This nanometric two-dimensional honeycomb structure has
attracted great attention in various fields'” due to its high
impermeability and hydrophobicity!”. Furthermore, graphene
can offer excellent wear resistance, unlike conventional
materials, due to its high hardness, low friction coefficient,
and lubrication properties'®. Its most relevant characteristics
commonly qualify graphene as an ideal material for anti-
corrosive coatings'. Therefore, it can be considered a
potential candidate for improving the corrosion and wear
resistance of metallic materials.

Graphene oxide (GO) and reduced graphene oxide
(rGO) coatings are particularly valued for their mechanical
strength, flexibility, and electrical conductivity. However,
challenges such as controlling the reduction level of GO to
achieve desired rGO properties and ensuring uniform coating
application persists. Additionally, while rGO’s hydrophobicity
enhances corrosion resistance, it can also hinder adhesion to
certain substrates, necessitating surface modifications or the
use of adhesion promoters. When compared to other advanced
coatings, such as transition metal dichalcogenides (TMDs)
and metal-organic frameworks (MOFs), GO and rGO offer
distinct advantages. TMDs, like MoS,, provide excellent
lubrication properties but may suffer from oxidation under
certain conditions. MOFs are known for their high porosity
and tunable structures, yet their stability, especially in humid
environments, can be a concern®->,

The affinity of dip-coated GO and rGO solutions to NiTi
substrates is explained by chemical and physical interactions.
The mechanism is described as follows: Pre-treatment (e.g.,
acid etching) of the substrate cleans and activates the surface,
increasing its energy and enhancing wettability. GO’s oxygen-
rich functional groups (hydroxyl, carboxyl, and epoxy) form
strong hydrogen bonds and electrostatic interactions with
the substrate, promoting adhesion. In rGO, the reduction of
oxygen groups leads to a decrease in chemical affinity, but
it enhances hydrophobic interactions, resulting in a more
compact layer. During the dip-coating process, the solution
spreads due to capillary action, and a liquid film remains
after withdrawal. The thickness of this layer is governed
by solution viscosity and withdrawal speed. The solvent
evaporates, solidifying the layer, and multilayer coatings build
uniformity and strength with repeated dips. This mechanism
ensures good adhesion and uniform deposition, which are
essential for improving NiTi’s surface*?’.

Recently, Araujo et al.°developed coatings based on
graphene oxide (GO) and reduced graphene oxide (rGO)
incorporated into a block copolymer of styrene—ethylene—
butylene—styrene (SEBS) to be applied to the NiTi surface
via the dip-coating technique with promising results in terms
of corrosion resistance. Nevertheless, several aspects of the
coating process and electrochemical characterization remain
unclear, including the impact of a multilayer sequence during
dip-coating on the final morphology and corrosion resistance
of the system. Additionally, the relationship between long-term
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immersion tests, mechanical cycling, and the anti-corrosion
performance of these coatings requires further investigation.

Thus, in this work, we delve deeper into the methodology
proposed by Araujo et al. to explore different aspects involved
in the dip-coating process and corrosion behavior of a NiTi
alloy coated with graphene derivatives after immersion test
in SBF solution and mechanical cycles. Multi-layer coatings
were applied to the NiTi samples by the dip-coating technique,
being these coatings consisted of a dispersion of SEBS doped
with GO or rGO. The preference for employing SEBS stems
from its extensively documented biocompatible qualities?*’.
GO and rGOcoatings have been investigated for their potential
to enhance the thermal stability of NiTi alloys, particularly in
applications subject to fluctuating temperatures. While GO
and rGO coatings have demonstrated potential in enhancing
the thermal stability and corrosion resistance of NiTi alloys,
their effectiveness under fluctuating temperatures may vary
based on specific material properties and environmental
conditions®3!. The thermal stability of coatings was assessed
in terms of their ability to maintain mechanical integrity
and anti-corrosive properties under fluctuating temperature
conditions. The electrochemical tests were carried out at
intervals of 0 to 21 days in simulated body fluid (SBF)
solution with temperature and pH conditions similar to the
human body. To discern the efficacy and endurance of these
applied coatings after superelastic strain cycles, uniaxial
loading sequences and scanning electron microscopy (SEM)
investigations were enlisted.

2. Experimental Procedure

SuperelasticNiTi wires with a nominal composition of
50.8 at% Ni (supplied by NDC, Fremont, CA, USA) were
used. These wires had a 1 mm diameter and were cut into
12 cm long specimens. Before the coating process, the
samples were etched in a solution of phosphoric acid, oxygen
peroxide, and distilled water in the proportion 5:3:2 at 80
°C for 20 min"**? to remove the oxides and manufacturing
defects from the surface.

Two nanofillers were applied by dip-coating as follows:
1) 30 mg of GO dispersed in the SEBS matrix, and 2) 30 mg
of rGO dispersed in SEBS. Before the addition of GO or rGO,
3.0 g of the SEBS copolymer was dissolved into 25.0 mL
toluene under constant agitation in an ultrasonic bath at 50 °C
for 30 min. Then, GO or rGO was incorporated and dispersed
in an ultrasonic bath for another 30 min, at room temperature,
to achieve a stable and homogeneous dispersion. Two-thirds
of the sample’s length was dipped into the solutions with
the help of a dip coater apparatus (TMAX, equipped with a
WHL-30BL oven). The immersion and withdrawing speeds
were approximately 10 cm/min. The immersion process was
carried out for 1 minute, and then the samples were dried for
3 minutes at room temperature for complete evaporation of
the solvents. This dip-coating procedure was repeated five
times for each sample, resulting in five layer coated samples.

The morphology of the surfaces was analyzed employing
field emission-SEM (FEI Quanta 3D) using an acceleration
potential of 15 kV and secondary electron imaging. Qualitative
composition data was obtained through energy dispersive
spectroscopy (EDS). To evaluate the average roughness (Ra) of
the coatings, atomic force microscopy (AFM) measurements
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were acquired on a 30 x 30 um? area using a Cypher ES
microscope (Asylum Research) in the tapping mode with a
cantilever force of 0.2 N/m and a resonant frequency of 23 kHz.

The mechanical performance of the coatings was evaluated
through uniaxial tensile tests using a universal test machine
(Instron 5582), following the ASTM F2516-18 standard, with
astrain rate of 0.016 s! (strain per second)*. The samples were
subjected to 10 superelastic cycles, being loaded until e= 6%
and then unloaded until the complete load removal. SEM was
used to characterize possible damage in the coatings caused
by these efforts. Figure 1 shows a superelastic uniaxial tensile
cycle like the ones performed in this work. During the loading
of a superelastic alloy, it is observed the regular elastic strain
of the sample until critical stress (point 2 in Figure 1), then the
start of the transformation from austenite to martensite takes
place, resulting in the stress plateau until point 3. From point
3, the induced martensite begins to deform elastically until
point 4 is reached, which also delimits the maximum load
that the alloy can withstand without any permanent (plastic)
deformation. After removing the load (points 5 to 6), the
process of returning to the stable austenitic state takes place,
resulting in the total recovery of the deformation at point 7434,

To verify the anti-corrosion performance of the graphene-
based coatings and simulate real-world conditions while
predicting the material’s durability over time, both coated
and uncoated samples were subjected to an immersion
test with intervals ranging from 0 to 21 days.All prepared
specimens were kept at 37 °C in containers with 10 to 20
mL of a solution that simulates body fluid (SBF) with its
composition described in Table 1. Electrochemical tests
were performed using an AUTOLAB PGSTAT302N
potentiostat and a three-electrode flat cell consisting of a
working electrode, an Ag/AgCl reference electrode, and a
platinum electrode as the counter. The coated sample was
immersed in a glass cell containing about 150 mL of SBF
solutionwith pH = 7.4 at 37 + 2°C (human body temperature).
Potentiodynamic (PP) polarization tests were performed
after 1 h of open circuit potential (OCP) stabilization at a
constant sweep rate of 0.167 mV/s from — 250 mVOcp to +
250 mv, . Corrosion current density (I ) and corrosion
potential (E_ ) were determined by the Tafel extrapolation
method. Electrochemical Impedance Spectroscopy (EIS) test

was performed at OCP, in the frequency range 100kHz— 10
mHz with a disturbance potential of 10 mV and 10 points per
decade. PP and EIS techniques were performed for coated
samples before and after tensile tests.

3. Results and Discussion

The EDS analysis confirmed an elevated presence of
carbon (Figure 2) for the two coatings in comparison with the
bare substrate. For the sample coated with GO (Figure 2), an
area with a flowed adhesion of the coating was selected. The
elemental map makes it clear that the coating is practically
composed of carbon. In the exposed area, we can see red
spots corresponding to nickel. Generally, it is not easy to
detect nickel on the NiTi alloy elemental maps due to the
formation of TiO, on the surface of the sample™.

The morphology of the studied surfaces obtained by
SEM is shown in Figure 3. When comparing the two studied
coatings, the images suggest that rtGO+SEBS forms an even
and uniform layer, while GO+SEBS presents a rougher aspect
in the analyzed area. From AFM analyses (Figure 4), it can
be observed that the surface roughness measured after the
coatings was significantly different from the one measured
for the bare substrate (22.65 nm): GO+SEBS presented a
roughness of 1.10 nm, while rGO+SEBS depicted 1.20 nm.

Table 1. Reagents needed to prepare 1000 mL of SBF solution.

Reagents Amount ]\:[n(z:;l(]llgr
NaCl 8.036 g 58.4
NaHCO, 0352 ¢ 84.01
KCl 0.225¢ 74.56
K,HPO,.3H,0 0.230 g 228.23
MgCl,.6H,0 0311g 203.30
IM HCl 40 mL
CaCl, 0.293 g 110.98
Na,SO, 0.072 g 142.04
tris(hydroxymethyl)aminomethane*  6.063 g 121.14
* H,NC(CH,0H),
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Figure 1. Typical stress-strain curve for a superelastic uniaxial tensile cycle.
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Figure 2. SEM images and respective elemental maps (colored images) obtained through EDS analysis for bare NiTisubtrate (left), NiTi
coated with GO (middle) and NiTi coated with rGO (right).
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Figure 3. SEM images of (a) Bare NiTi substrate, (b) NiTi coated with GO, (c¢) and NiTi coated with rGO amplified 8000x.

Figure 4. AFM images for the samples: (a) bare NiTi substrate, (b) NiTi coated with GO, and (c) NiTi coated with rGO.

Figure 5 shows the morphology of the coatings after  reinforcing the relevance of NiTi alloys being coated with
tensile test up to e = 6%, after 10 loading cycles. Comparing  materials that may undergo large deformation cycles.
with Figure 3, we conclude that no relevant morphological Potentiodynamic polarization (PP), when applied to
damages were caused during this mechanical work. This  samples of NiTi alloys, is used to obtain a current signal
result is consistent with the one published by Araujo etal.,  that relates potential and current during the electrochemical
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Bare NiTi cycled

Bare NiTi cycled

Bare NiTicycled

SEBS + GO cycled

SEBS + GO cycled

SEBS +GOcycled

“SEBS+RGO cycled
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Figure 5. SEM images of the samples after the superelastic uniaxial tensile cycles. The amplification was 100x in the upper row, 250x

in the middle row and 8000x in the lower row.

polarization process. Analysis of PP in metal coatings reflects
the barrier and strength effects of the coatings, being useful
to reveal the protective nature of the coating together with
the protective barrier provided by the titanium oxide formed
on the surface of the substrate®. The PP curves performed
in SBF solution for NiTi samples coated with GO+SEBS,
rGO+SEBS, and bare NiTi before and after the tensile tests
are shown in Figure 6. The parameters obtained applying
the Tafel extrapolation method are in Table 2. The corrosion
potential (E_ ) shows susceptibility to corrosion, the more
negative it is, the more active the surface, making it more
likely to present corrosion'®. I _allows analyzing the corrosion
rate, the lower the corrosion rate, the greater the corrosion
resistance?®. As shown in Table 2, there is a difference in the
corrosion potential of the samples, the E__for the samples
coated with GO (—0.06 V) and rGO (—0.20 V) before the
tensile test is less negative than the sample without coating
(=0.33V).Thel  forcoated samples is an order of magnitude
greater than the uncoated sample, demonstrating that although
the coating has a protective characteristic, preventing the
corrosion process of the NiTi alloy, the process occurs more
rapidly with the coating. This means that the two coated
samples have higher corrosion protection and an improvement
in protection compared to the bare NiTi sample. The results
suggest a better corrosion resistance for the rGO sample,
which can be explained by its hydrophobic and waterproofing
properties*. Compared to the previous work®, although the
obtained Ecorr values are similar, the Icorr values in this
study are approximately 1000 times smaller.
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0.15 4 rGO cycled
S —— GO cycled
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Figure 6. Potentiodynamic polarization curves of bare NiTi and
samples coated with GO and rGO before and after cycling.

Table 2. Electrochemical parameters obtained by Tafel extrapolation
of potentiodynamic polarization.

Sample Ecorr (V) icorr (A/cm?)
NiTi -0.33 3.34x10°
rGO -0.20 220x 10%
GO -0.06 6.01 x 10
rGO cycled -0.24 3.53x 10°
GO cycled -0.13 332x10%
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After the tensile tests, the GO (—0.13 V) and rGO
(—0.24 V) coatings still showed a higher corrosion potential
than the uncoated sample (—0.33V). Therefore, even after
the mechanical work, the coatings still provide significant
protection against corrosion. Comparing the GO and rGO
samples before and after the tensile tests, we observed a
small decrease in the corrosion potential in more negative
directions and the corrosion current remained in the same
order of magnitude for the GO sample and showed an
order of magnitude lower for the rGO sample compared to
NiTi. Thus, from a corrosion point of view, there was no
deterioration of the coating with the cycling.

SEM images of the tested surface after etching are shown
in Figure 7. The uncoated NiTi surface has etch marks across
its surface. Analyzing both GO and rGO samples revealed
areas with increased corrosion degradation, indicating a
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heterogeneous corrosion process®. In the qualitative analysis,
a large number of corroded areas were observed in the GO
sample compared to the rGO sample, indicating that the
samples coated with rGO have a greater ability to protect the
surface. The SEM observations support the results obtained
by PP analysis.

Analyzing the Nyquist diagram in Figure 8b and 8c, the
arc impedance of the coated samples after the periods in
immersion shows an increase in its diameter, suggesting an
increase in the coating corrosion properties over immersion
time. On the other hand, the arc impedance for uncoated
NiTi (Figure 8a) remained relatively constant, showing no
effect on its corrosion protection property. The rGO sample
showed better corrosion resistance and a lower corrosion
rate than the GO one in the beginning. However, under the
effect of the immersion test in a corrosive environment, the

Figure 7. SEM surface images of the (a) bare NiTi sample, (b) GO coated sample, and (c) rGO coated sample after corrosion tests.
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Figure 8. Nyquist diagrams of samples in SBF solution: (a) bare NiTi, (b) sample with GO, (c) sample with rGO, and (d) samples GO

and rGO coated after cycling.
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GO sample showed a lower degradation of its protection
properties against corrosion. The cycled GO and rGO
samples (Figure 8d) have a smaller diameter of semicircle
compared to not cycled samples, demonstrating a loss of
corrosion resistance after cycling. However, the decrease
in the diameter of the impedance arc for the rGO sample is
smaller than that for the GO sample, suggesting that there
is less degradation of the coating with rGO.

The results obtained from electrochemical impedance
spectroscopy (EIS) can be represented by the equivalent circuit
model for both the uncoated NiTi alloy (Figure 9a) and for
the coated samples before and after cycling (Figure 9b). The
model represents the resistance of the electrolyte solution
(Rs), the capacitance of the electrolyte/coating interface
(Cc), the resistance of the electrolyte/coating interface (Rc),
the double layer capacitance (Cdl), and the charge transfer
resistance of the corrosion reaction (Rect). The parameters
obtained in the equivalent circuit are presented in Table 3.
Polarization resistance (Rp) is the effective resistance of the
circuit (Table 3) and can be calculated by Equation 1 for
coated samples and Equation 2 for the uncoated sample®*

Rp = Rc + Rct (1)

Rp = Re )

In Figure 10, it is possible to observe that both GO and
rGO have a higher polarization resistance value compared to
the pure NiTi sample, suggesting that the coated samples have
greater corrosion resistance than the NiTi sample. The coated
samples showed an increase in corrosion resistance over the
days, with this increase being greater for the rGO than for
the GO coating after 21 days of immersion. Despite this, the
variation in corrosion resistance for both samples over the
days is small, which suggests that the coatings are effective
as a protective barrier against corrosion in SBF solution.

The degradation of rGO coatings reduces their protective
performance, exposes the substrate to corrosion, and weakens
mechanical integrity. It may also lead to cytotoxicity due to
leaching particles, limiting rGO’s suitability for long-term or
high-stress applications. To mitigate degradation, strategies
include functionalizing rGO with silanes or polymers to
improve stability'’, incorporating rGO into hybrid coatings
with materials like TiO,”, and optimizing dip-coating
parameters for uniformity and adhesion®”. Adding protective
barrier layers, such as polymeric films, can further shield
rGO from corrosive environments’.

To understand the performance of the coating after the
tensile test, an EIS test was also performed on the SBF solution
after the coated samples were subjected to the tensile tests.
Figure 11 shows Rp values for the coated samples before
and after the tensile test. Both samples showed a decrease
in corrosion resistance. Although the resistance of the rGO
sample decreases, it remains greater than that of the GO-
coated sample, suggesting smaller deterioration upon cycling.

Figure 12 shows the effect of immersion in SBF for
NiTi samples. Using the SEM, it is possible to observe
that after 21 days of immersion, the uncoated NiTi sample
shows corrosion spots. On the other hand, the GO and rGO
samples show dissolution of the coating in several regions.
The rGO sample presents a higher density of defective
regions in the coating caused by immersion corrosion in
the SBF solution. Table 4 summarizes the corrosion and
mechanical performance of GO and rGO coatings compared
to uncoated NiTi samples.

The corrosion mechanism is explained by equations (3) to
(8). There is an oxidation process of NiTiand also reduction
processes with electrons released during oxidation®. The
reduction of O, occurs and the reactions that take place at
the cathode are:

—C
@-/\/\[@
Ret
cl
Figure 9. Equivalent circuit for samples without coatings (a) and (b) for coated samples before and after cycling.
Table 3. Fitting parameters for experimental EIS data.
Rc (MQ.cm?) Ret (MQ.cm?) Rp (MQ.cm?)
Sample NiTi GO rGO NiTi GO rGO NiTi GO rGO
Odays - 4.9 5.2 20.8 25.6 27.9 20.8 30.6 33.1
7days - 3.7 6.2 18.6 31.4 43.8 18.6 35.2 50.1
14days - 6.7 5.7 15.3 38.2 41.5 15.3 44.9 47.3
21days - 5.5 6.2 22.9 44.1 36.8 22.9 49.6 42.9
After cycling - 0.6 3.7 - 6.9 22.1 - 7.5 25.8




8 Batista et al. Materials Research

—m— NiTi 354
504 —— GO A .
A GO T—a =
=l 30 4
y —A
_ 40 / _. 25
N y. «
£ £
) ) e o
= K i 20
S304 =
o 0. 15 -
[ (4
/ - 105
204
S
— "
10 ' g J 0 f T T f
0 7 14 21 GO GO cycled rGO RGO cycled
Days

Samples
Figure 10. Rp values for samples over the immersion days in

SBF solution Figure 11. Rp values for coated samples before and after cycling.
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Figure 12. SEM surface images of samples before immersion in SBF solution: (a) coated with GO, and (b) coated with rGO. After 21
days of immersion: (c¢) coated with GO and (d) coated with rGO.
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Table 4. Summary of the corrosion and mechanical performance of GO and rGO coatings compared to uncoated NiTi samples.

Parameter GO Coating rGO Coating Baseline NiTi
Corrosion Potential (Ecorr) Higher than baseline (-0.06 V. Higher than baseline (-0.20 V. More negative (-0.33 V)
before cycling) before cycling)

Corrosion Current Density
(Icorr)

Low current; indicating high
corrosion resistance

Low current; indicating high
corrosion resistance

Low current; indicating high
corrosion resistance

Increased corrosion resistance
over 21 days in SBF

Long-term Stability
(Immersion)

Increased corrosion resistance
over 21 days in SBF

Stable over 21 days in SBF

Performance After Cycling Susceptible to increased

corrosion rate after cycling

Susceptible to increased -
corrosion rate after cycling

Surface Integrity for cycled
samples (SEM)

No significant damage during
superelastic cycles

No significant damage during
superelastic cycles

Visible surface wear during
stress cycles

~1.10 nm (reduced from

Roughness (Ra) baseline 22.65 nm)

~1.20 nm (reduced from
baseline 22.65 nm)

~22.65 nm (higher surface
roughness)

NiTi coated with GO or rGO presents a layer that prevents
the metal surface from its contact with the OH- ion, in addition
to restricting anodic oxidation and inhibiting the reactions
of the corrosion process of the NiTi alloy*’.

Xue et al.” studied the delay of the O, reduction reaction,
which occurs due to the decrease of the active surface available
to be attacked in a corrosive environment due to the use of a
GO coating. In addition, the authors reported a decrease in
the resistance of the active surface due to the slight electrical
conductivity of GO. The results obtained in the present work
are consistent with studies carried out by other authors**3*4,
The rGO coating has a smaller number of functional groups
containing oxygen, resulting in a coating with hydrophobic
properties and waterproofing. The reduction of H,0, O,,
and CI" at the NiTi alloy/coating interface improves the
corrosion resistance of the rGO coating. Thus, the corrosion
resistance exhibited by the rGO coating may be attributed
to its hydrophobic properties®.

The rGO exhibits enhanced corrosion resistance compared
to GO primarily due to its increased hydrophobicity and
decreased oxygen-containing functional groups. The reduction
process of GO to rGO removes a significant number of oxygen
functionalities, resulting in a more hydrophobic surface. This
hydrophobicity minimizes water adsorption on the material’s
surface, thereby reducing the electrochemical reactions that
lead to corrosion. Additionally, the fewer oxygen groups in rGO
decrease the number of active sites susceptible to oxidative
reactions, further enhancing its corrosion resistance. These
combined factors make rGO a more effective barrier against
corrosive environments compared to GO*“?, This is consistent
with the potentiodynamic polarization depicted in this work.
However, the results related to the long-term capacity of these
coatings suggest that GO is the most resistant to corrosion
over the days. It can be explained by the behavior exhibited by
this coating on prolonged exposure to this specific corrosion
medium. Although the rGO coatings provide better instant
protection due to their hydrophobic property, the GO coating can
passivate the metallic substrate, improving protection against
the corrosive environment with time*®. This is reinforced by the
SEM images after 21 days of immersion shown in Figure 12.
Furthermore, several studies report that rGO coatings tend to
present better anticorrosive properties. Those studies focus on
electrochemical analyses in solutions containing NaC[?*36341
or in solutions with different compositions®. Only a few studies
used SBF or Hank’s solution as a corrosion medium and they

do not evaluate the anti-corrosion performance for a long
period. Thus, the long-term behavior of the rGO coating in
SBF solution, presenting a lower performance compared with
GO, may also be associated with its behavior in solutions that
simulate human body fluid, which is a more complex medium.

4. Conclusions

Based on the results depicted in this study, the following

conclusions were drawn:

*  Both NiTisamples coated with GO and rGO showed
roughness close to 1 nm, much lower in comparison
with the uncoated sample (close to 22 nm).

e The coatings containing GO and rGO were able to
maintain their integrity during superelastic loading
cycles. No significant morphological damage was
observed after mechanical work.

*  Potentiodynamic polarization analysis showed
that both coated samples have their anti-corrosion
capacity increased when compared with the bare-
NiTi sample, with the rGO coating being the most
efficient one.

e The EIS analysis showed that the corrosion
performance of the rGO coating presents a more
pronounced decrease in comparison with the GO
coating throughout the 21-day immersion test.
Despite this, the variation in corrosion resistance for
both samples over the days is small, which suggests
that the coatings are effective as a protective barrier
against corrosion in SBF solution.

e Onthe other hand, the anticorrosive capacity of the
GO coating showed a more significant deterioration
after the applied mechanical cycles compared with
rGO coating.

e The coatings demonstrated resilience to mechanical
stresses, which are often exacerbated by thermal
fluctuations. Furthermore, these coatings exhibited
capacity to withstand prolonged exposure to
corrosive environments, which are characteristic
of fluctuating thermal conditions. Graphene-based
materials are recognized for their exceptional thermal
conductivity and stability, which can facilitate heat
dissipation and mitigate thermal stresses on the
NiTi substrate, thereby enhancing durability in
environments with temperature variations. This
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combination of mechanical and electrochemical
performance metrics supports the suitability of
these coatings for applications that involve the
presence of thermal and mechanical stresses, such
as in biomedical devices or aerospace components.
Subsequent studies on graphene-based coatings could
entail the optimization of coating thickness through the
modulation of dip-coating parameters, with the objective of
enhancing corrosion resistance and mechanical performance.
Exploration of hybrid coatings comprising nanomaterials,
such as TiO, or carbon nanotubes (CNTs), has the potential
to introduce multifunctional properties, including enhanced
thermal stability or wear resistance. Long-term environmental
exposure studies, incorporating cyclic thermal and mechanical
stresses, are essential for validating durability in real-world
conditions. The functionalization of GO/rGO with silanes
or peptides could enhance adhesion, hydrophobicity, and
biocompatibility. Dynamic corrosion and wear studies, such
as tribocorrosion testing, provide insights into performance
under combined stresses. Application-specific testing, such
as the use of simulated body fluid for implants or thermal
cycling for acrospace components, can optimize coatings
for specialized uses. These investigations will advance the
scalability and applicability of graphene-based coatings for
diverse industries.
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