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In this study, (3-aminopropyl)-triethoxysilane-modified graphene oxide (GO) composite
thin fims were synthesized on magnesium alloy AZ31 substrate. The structure,
composition, and morphology of silane-GO films were analyzed. Electrochemical
measurements and immersion tests showed that silane-GO coatings provide effective
protection for magnesium alloy substrates, owing to the good barrier property of the
layered GO, and decrease the defects on the GO film surface due to the silane
modification. In addition, the corrosion product between the outer silane-GO film and
Mg alloy substrate also improved the corrosion resistance of the Mg alloy. Thus, silane-GO
composite thin films provide an effective approach for protecting the lightweight metal
Substrate.

Keywords: graphene oxide, silane, film, corrosion resistance, Mg alloy

INTRODUCTION

In recent years, magnesium alloys have gained considerable attention due to their remarkable
mechanical and biodegradable properties (Wu et al., 2013; Zainal Abidin et al., 2013; Herndndez-
Barrios et al., 2020; Daavari et al., 2021). With numerous magnesium alloy applications, the problem
of corrosion resistance has been obstructing their further use in many specific situations (Gnedenkov
etal., 2016; Pan et al., 2016; Zhou et al., 2020). Therefore, some experiments have been carried out to
improve the corrosion resistance of magnesium alloys.

Graphene, as a 2D layer of sp2-hybridized carbon atoms, has gained significant attention for metal
protection (Prasai et al., 2012; Hsieh et al., 2014; Kyhl et al., 2015) due to its unique properties, such as
excellent mechanical property, thermal and chemical stability, gas impermeability, higher aspect
ratio, lower density, and good barrier property (Aneja et al., 2017; Jo et al., 2017). However, owing to
the high electrical conductivity of graphene, the galvanic corrosion of the metal can be greatly
promoted when corrosion occurs in the defects (such as cracks or wrinkles) of graphene layers,
severely bring down the corrosion resistance in the long term (Lei et al., 2017; Sanjid et al., 2019).

Graphene oxide (GO), possessing plenty of oxygen functional groups on its basal planes and
edges, has gathered equal attention because of its useful metal protection properties. Generally,
GO and modified GO sheets can be used as nano-additives to enhance the anticorrosive properties
of organic coatings. Some researchers (Chang et al., 2012; Yu et al., 2014) prepared GO-reinforced
composite coatings, which exhibited strong resistance to oxidation and corrosion, using the
chemical modification method. However, many researchers have found that simple doping of GO
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cannot decrease their surface energy, which is the reason they
tend to agglomerate. Several recent studies (Wan et al., 2014;
Sun etal., 2015; Ma et al., 2016; Ramezanzadeh et al., 2016) have
shown that GO can be covalently functionalized with silane and
then embedded into an organic coating to improve the barrier
property of the coating by suppressing the penetration of an
aggressive medium. Meanwhile, the covalent bond (Si-O-Me)
can be formed by the reaction of silane with the hydroxyl
groups on the metal surface (Me-OH) (Liu et al., 2015a; Yu
et al., 2015; Matinlinna et al., 2018; Ferndndez-Herndn et al.,
2021).

Therefore, in order to inhibit the agglomeration of GO in
coatings, the GO can be modified using silane coupling agents to
reduce their surface energy. In addition, the silane can be linked
with a metal substrate with covalent bonding, ensuring a high
adhesion strength between the coating and the substrate.

In this study, a  (3-aminopropyl)-triethoxysilane
(APS)-modified GO film was prepared on the surface of
magnesium alloy to investigate the effect of silane-grafted GO
on corrosion resistance of the as-obtained coating. It is expected
that by applying the APS agent as a “bridge” to covalently link GO
to the magnesium alloy substrate, the silane-GO film with good
adhesion strength and corrosion resistance property would be
realized.

EXPERIMENTAL SECTION

Materials

Magnesium alloy AZ31 sheets of size 30 mm x 30 mm x 5 mm
(approximate minority components, wt.%: Al 3.19, Zn 0.81, Mn
0.33, and balance Mg) were used as substrate materials in this
study. Before coating, the samples were ground with SiC paper to
2000 grit. All specimens were rinsed in distilled water, then
cleaned ultrasonically in alcohol for 10 min, and eventually
dried in warm air. Graphene oxide (10 ml/L, 5 wt.%, with few
layers) was purchased from Beijing Carbon Century Technology
Co., Ltd., China. 3-Aminopropyl-triethoxysilane (analytical
grade) was purchased from Beijing J&K, China. Alcohol and
glacial acetic acid (analytical grade) were purchased from Beijing
Chemical Works, China.

Silanization of GO and Preparation of

Silane-GO Film on Magnesium Alloy

0.1g GO powders were ultrasonically dispersed into 50 ml
deionized water for 8 h. Then, 150 ml of alcohol was added to
the mixture under vigorous stirring to obtain a GO suspension
(~0.5mg/ ml). After that, 2ml APS was added into the
suspension gradually. Such low APS concentration was used to
obtain a graphene-based film rather than a silane-based film.
Then, the pH of the suspension was adjusted to 5 using glacial
acetic acid. In this way, the hydrolysis reaction of APS was
promoted, and the condensation reaction was restrained. The
mixture was sealed and continuously stirred for 12h at 50°C,
forming a silane-GO suspension. In addition, APS solution with
1vol. % was prepared by combining APS, glacial acetic acid,
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deionized water, and alcohol, and then stirred for 12 h at 50°C as
a comparison.

The preparation of films was carried out using a dip coater
(PTLMMO1, China) at room temperature. The pretreated Mg
alloy samples were immersed into the silane-GO suspension for
5min, then taken out at the speed of 200 mm/min, and
subsequently cured at room temperature for 15min. The
above process was performed twice. Finally, the samples were
cured at 60°C for 60 min. All samples were kept in a drying
chamber for more than 24h before use. The synthesis and
silanization of GO and the preparation of silane-GO (GO-
APS) films on Mg alloy are depicted schematically in Figure 1.

Characterization

The zeta potentials of GO, APS, and GO-APS in suspension were
measured using a nanoparticle analyzer (Malvern Zetasizer Nano,
UK) to evaluate the stability of the solution. The electrical
conductivity of GO and GO-APS powder was measured using a
resistivity tester (SZT-D, China) to evaluate the effect of GO and
GO-APS on the corrosion process. Atomic force microscopy
(AFM; SPM9500-]3) of GO and GO-APS sheets was carried out
through drop-casting deposition on a silicon wafer. The surface
morphology of films was examined using a field-emission scanning
electron microscope (SEM; JEOL JSM-7800) at the voltage of
20kV. The structure of films was characterized by Raman
spectra (Model Laboratory RAM HR800, HORIBA Jobin Yvon)
through a 50x objective (NA = 0.5) with a 514.5-nm Ar-Kr laser.
To avoid laser-induced thermal damage, the power of the laser was
kept at 0.4 mW on the sample. Adhesion testing was carried out by
the pull-off test as per the EN-ISO 4624 standard by using a
CMT5504 machine at a crosshead speed of 2 mm/min. Glow
discharge optical emission spectroscopy (GDOES; HORIBA
GD-Profiler 2) depth profile analysis of the coated samples was
measured at a pressure of 650 Pa and power of 30 W with an anode
4 mm in diameter.

Electrochemical Measurements
Electrochemical impedance spectra (EIS) measurements were
carried out on an electrochemical workstation (CS360) by
using a three-electrode system in 0.05M NaCl aqueous
solution. A low concentration of the NaCl solution was used
to decrease the rate of the corrosion processes and allow a more
correct estimation of the processes at the early stages (Yu et al.,
2015). A saturated calomel electrode (SCE) was used as the
reference electrode, a platinum plate as the counter electrode,
and film-coated samples as the working electrode. After
immersion in 0.05M NaCl aqueous solution for 1 h, the
open-circuit potential (OCP) of the films was monitored
continuously. The frequency range of EIS measurements was
from 100 kHz to 10 mHz with an AC excitation amplitude of
10 mV.

RESULTS AND DISCUSSION

Figure 2 shows the Zeta potential of APS, GO, and GO-APS
stable and homogeneous sols. The Zeta potential of the GO
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FIGURE 1 | Schematic representation of the synthesis and silanization of GO and the preparation of silane-GO films on the Mg alloy.
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FIGURE 2 | Zeta potential of stable and homogeneous sols: (A) APS; (B)
GO; (C) GO-APS.

suspension after silane modification is close to that of the GO
suspension, which is more negative than that of APS sol,
indicating that the main component of the GO suspension
after silane modification is GO instead of cross-linked APS sol
particles. Comparing the conductivity of the GO with silane-
modified GO effect on the corrosion process with the GO with the
APS-modified GO powder using the conductivity test, the results
showed that the conductivity of the silane-modified GO becomes
lower, mainly because of a nonconductive organic silane group
grafted to the surface of the GO (Yu et al,, 2015).

AFM observation of GO and GO-APS deposited on a silicon
wafer through drop-casting was carried out. Representative AFM
images of GO and GO-APS are shown in Figure 3. There is no

apparent decrease in thickness of GO-APS by the presence of
silane chains grafted on the GO surface, but with the GO layers of
local fragmentation.

The FE-SEM images of GO, APS, and GO-APS film-coated
Mg alloy samples are displayed in Figure 4. Under the action of
the film-forming liquid, a layer of sheet structure vertical to the
surface of the substrate was formed between the film and the
substrate due to the rapid dissolution of the magnesium surface.
On the surface of the GO film sample, the sheet GO coating on the
surface is not continuously dense. The defects can be significantly
seen from the partial enlargement of Figure 4A,. The APS film
surface has a magnesium alloy corrosion product layer, while no
corrosion products of the magnesium alloy surface layer were
found on the silane-modified GO layer. The surface layer has
continuous density, and the GO of the lamella is evenly
distributed in the layer, showing that APS plays an important
role in improving the uniformity of the GO film. Moreover, the
GO film is partially accumulated after modification by APS as
shown in Figure 4C,.

Figure 5 presents the Raman spectra of GO, APS, and GO-
APS films deposited on Mg alloys. The APS-silane film shows
almost no obvious peak near 1,500 cm™'. Two obvious peaks are
detected in GO and GO-APS films, which are ascribed to the
structural defects of the GO membrane of carbon (Ferrari et al.,
2006; Ma et al., 2019). The spectrum of the GO film displays the G
peak and the D peak at 1,352 cm ™" and 1,589 cm™', respectively,
which are consistent with the results of other researchers (Yu
et al.,, 2015; Zhang et al, 2018). The D peak is caused by the
disorder of C-C key vibration, characterization of the sp’
hybridization structure of carbon atoms; the G peak is caused
by the stretching vibration of C-C bonds and represents the
carbon atoms of the sp” hybridized structure (Stankovich et al.,
2007). After the modification of APS, the positions of D peak and
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FIGURE 3 | AFM images of films deposited on a silicon wafer through drop-casting: (A, B) GO; (C, D) GO-APS.

G peak remained unchanged, indicating that the modification
process connects the APS molecules and the GO surface by
chemical bonds without significantly changing the structure of
GO. The increase of the D/G intensity ratio (ID/IG) in the Raman
spectrum of GO-APS films mean the size of the sp® hybrid
structure of the carbon zone (graphite crystallite) decreases
and disorder increases (Gémez-Navarro et al.,, 2007). The GO
fragmentation is due to the chemical reduction of the silane
coupling agent (Singh et al., 2013; Tang et al,, 2013; Liu et al,
2015b), consistent with the AFM results.

The adhesion strength of the GO, APS, and GO-APS films was
measured by the pull-off tests, as shown in Figure 6. There is a
significant difference in the adhesion strength of the three films.
The GO film demonstrates low adhesion strength (~9.2 MPa)
compared with the adhesion strength of the GO-APS films
(~20.4 MPa). The adhesion strength of the APS film is
22.5MPa, suggesting good adhesion of the film. The high
adhesion strength of the APS film implies that the increase in
adhesion strength of the GO-APS films must be related to the
amount of APS.

Figure 7 displays the depth profiles of elemental analysis
across the GO and GO-APS films by the GDOES method. In
Figure 7A, the GO covered sample comprises three layers,
including the GO outer layer, the magnesium alloy corrosion
product layer, and the oxide transition inner layer. Clear C and O
signals were detected on the surface of the GO sample,
corresponding to the GO layer (~0.17 um). It is essential that
the Mg signal be observed across the GO film, demonstrating that
the Mg on the surface of the substrate participates in the GO
film-forming reaction. Then both O and Mg signals reach a
plateau attributed to the corrosion product layer (~0.4 um)
sputtering. After that, the decrease in the O signal and the
increase in the Mg signal confirm the transition from layer to
Mg alloy during sputtering. Finally, the Mg concentration
reached a platform, and the Al signal disappears due to the
alloy’s sputtering. In Figure 7B, there is an evident increase in
thickness of the GO-APS films (GO layer ~0.17 um, GO-APS
layer ~0.57 pm) due to the presence of silane chains grafted on the
GO surface (the Si signal can be detected). Meanwhile, the
decrease in thickness of the corrosion product layer indicates
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FIGURE 4 | FE-SEM images of film-coated Mg alloy samples: (A4,A2) GO film; (B4,Bz) APS fim; (C4,C2) GO-APS films.
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FIGURE 5 | Raman spectra of film-coated Mg alloy samples: (A) GO film;
(B) APS film; (C) GO-APS film.
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FIGURE 6 | Adhesion results of the pull-off tests of GO, APS, and GO-
APS films.

that the GO-APS layers can be considered as good physical
barrier layers that can provide sufficient protection.

Figure 8 shows the EIS results of bare Mg alloy and GO, APS,
and GO-APS film-coated Mg alloy samples immersed for 24 h. In
the Bode plots of phase angle, two well-defined time constants can be
found in the spectra of different samples. The one appearing at high
frequency is contributed by the porous layer, while the other appears
at medium frequency due to the barrier layer. It is well known that
coatings with a higher Z modulus (|Z|) at lower frequencies exhibit
better corrosion resistance on metal substrates (Yu et al., 2015; Ma

et al,, 2016). There is an increase in |Z|0.01Hz value the GO-APS
films due to the presence of silane chains grafted on the GO surface
compared with that of the GO film. The results showed that the
APS-modified film significantly improved the corrosion resistance of
Mg alloy. Correspondingly, two capacitor rings of different samples
can also be seen in the Nyquist plots, representing the porous layer
and the barrier layer, respectively. The size of the capacitor ring
represents the degree of corrosion resistance. In Figure 8A, the GO-
APS film presents the largest diameter, indicating that the film has
the best corrosion resistance.
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TABLE 1 | Parameter values for ECs of various samples.

Sample Bare Mg alloy

R/(Q cm?) 41.4 42.25
Co/(F) 2.6631E-5 -
Ry/(Q cm?) 1274 —
Coo/(F) - 1.2443E-6
Rao/(Q cm?) — 16.05
Cars/(F) - -
Raps/(Q cm?) - -
Ca-n2/(F) - -
RG.AQ/(Q sz) — —
Ca-ai/(F) - -
Ra-a/(Q cm?) - -
Cep/(P) — 2.4594E-5
Rep/(Q cmP) - 1744

Figure 8 presents the results obtained from the EIS data of
bare Mg alloy and GO, APS, and GO-APS film-coated Mg alloy.
The equivalent circuits (ECs) obtained from the fitted results are
revealed in Figure 9. For all samples, R in the ECs represent the
resistance in NaCl solution. According to the simulated ECs, the
following can be determined: C,, and R;, correspond to the passive
film formed on the surface of the Mg alloy; C,, and R,
correspond to the corrosion product layer between the outer
film and the Mg alloy substrate; the GO film coated on the Mg
alloy can be expressed by Cgo and Rgo; Caps and Raps represent
the APS film; and the double layer films can be deduced for the
GO-APS film-coated Mg alloy, which is signified by Cg_5; and
Co-az-

Each value of the elements in ECs is exhibited in Table 1.
Regarding the GO film on Mg alloy, Rgo and R, demonstrate the
rise in corrosion resistance due to the GO film. The high value of
R, indicates the corrosion product between the GO film and Mg
alloy substrate dominated in the protection from corrosion. The
low value of Rgo could be caused by the cracks on the GO film
(Prasai et al., 2012; Yu et al,, 2015). Also, the higher R, value of

GO film-coated Mg alloy

GO-APS
film-coated Mg alloy

APS film-coated Mg alloy

39.4 42.97
2.2014E-5 —
4828 —
- 6.5417E-7
— 30.39
— 2.1302E-5
— 5242
8.3614E-3 9.0208E-4
610.1 5879

TABLE 2| Comparison of corrosion resistance of GO-based films/coatings on Mg
alloys.

Substrate Films/coatings Rct/Rcp(Q2 cm?) Ref

AZ31 HQ/GO/MgO 243.6 Soliman et al. (2020)
AZ31 GO 992 lkhe et al. (2016)
PPFS/GO 3598

AZ31 HA/GO 329.4 Peng et al. (2020)
Mg-Zn-Ca rGO-PVA 1804 Chu et al. (2019)
GO-PVA 285.3

AZ31 EPD-GO 873.5 Magsood et al. (2020)
AZ31 GO-APS 5879 This article

the GO film-coated Mg alloy than the R, value of the bare Mg
alloy proved the adequate protection of the GO film from
corrosion. As for the APS film-coated Mg alloy, in the same
way, the high Ryps and R, values also explained the protective
effect of the APS film from corrosive NaCl solution. In the case of
the silane-modified GO film, the corrosion resistances of
first GO-APS layers and the corrosion product layer between
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the GO-APS films and Mg alloy substrate are much higher than
those of the GO film-coated Mg alloy, indicating that silane
modification greatly improved the resistance of the GO film from
corrosion. Besides, the higher Rg_s1 and R, values than the Rg.a2
value demonstrate that the corrosion resistance of GO-APS films
is dominated by the first layer of the GO-APS films and the
corrosion product formed in the process of immersion in GO-
APS sol. Therefore, the GO-APS film exhibits good corrosion
protection and is superior to most of the GO-based anticorrosive
coatings on magnesium alloys, as shown in Table 2.

The possible protective mechanism of silane-modified GO
films is as follows:

1) The surface modification of silane reduces the conductivity of
GO and inhibits the promotion of GO to metal corrosion at
film defects (Yu et al., 2015).

2) The impermeability of GO improves the physical barrier
property of the film and prevents the infiltration and
erosion of the corrosive medium (Chu et al, 2019;
Magsood et al., 2020).

3) The corrosion product layer was formed at the interface
between the GO-silane layer and the magnesium alloy
substrate, which formed the synergistic protective effect.

CONCLUSION

The surface modification of GO was carried out by using APS.
The results showed that APS successfully modified the surface of
GO, and the prepared film significantly improved the corrosion
resistance of the magnesium alloy. Results indicated that GO
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films could not be applied on magnesium alloy AZ31 because of
the formed corrosion product layer and unavoidable defects. In
contrast, APS plays an important role in improving the
uniformity and adhesion of the GO film and decreasing the
thickness of the corrosion product layer. The GO-APS films
can be formed as a good physical barrier layer that can
provide effective corrosion protection. This method provides a
new idea for the application of graphene-based thin films on the
magnesium alloy surface.
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