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Abstract: Biomimetic graphene—epoxy composite coating was fabricated with a “brick and mud” structure via a
spin-coating strategy. Imidazolium-based ionic liquids modified graphene (GI) was synthesized to improve the
interfacial compatibility between the graphene (G) layers and epoxy resin. The surface morphology and chemical
structures were observed and analyzed through scanning electron microscopy (FE-SEM), Raman spectroscopy, and
X-ray photoelectron spectroscopy (XPS) as well as Fourier transform infrared spectroscopy (FTIR). The thermal imager
was used to record the temperature change on the surface. The surface resistivity and thermal conductivity of the
coating were determined via volumetric surface area resistivity tester and laser flash method, respectively. The
corrosion resistance was investigated through electrochemical impedance spectroscopy (EIS) and salt spray testing. The
GI layers in the composite coating exhibited a near-parallel orientation, which led to improved heat transfer and
electrostatic dissipative efficiency. The through-plane thermal conductivity and surface resistivity were 0.77 W-m™'-K™!
and 1.6x10°Q-cm, respectively. Electrochemical impedance spectroscopy tests revealed that the low-frequency
modulus of the coating reached 6.76x10'° Q-cm? after 40 d of immersion, which was about two orders of the magnitude
higher than that of the pure epoxy coating, showing a superior corrosion resistance.
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1 Introduction

Magnesium (Mg) and its alloys have attracted
great attention in automobile, aerospace, S5th-
generation mobile communication and electronic
industries due to their lightweight, high specific
strength, good electrical and thermal conductivity,
and excellent electromagnetic shielding properties
as well [1-3]. However, the poor corrosion
resistance of Mg alloys impedes their practical
applications [4]. Surface modifications such as
chemical conversion coatings [5], layered double
hydroxide (LDH) [6], layer-by-layer (LBL)

self-assembly [7], electroless plating [8], and
sol—gel [9] together with micro-arc oxidation
(MAO) have been extensively employed to improve
the anticorrosion performance of Mg alloys. The
disadvantage of chemical conversion coatings is the
weak bonding of the coating to its substrate. The
LDH coating needs a time-consuming process. And
LBL-assembly processing can deteriorate the Mg
substrate. Electroless plating has the advantages of
high yield and low cost, but the magnesium alloy is
subject to corrosion in the plating solution and
susceptible to galvanic corrosion with the plated
metal [10]. Sol—gel coatings can promote the
formation of chemical bonding between the coating
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and its substrate. However, the presence of
structural defects in the coating allows the
aggressive media to penetrate the substrates [11].
Typically, MAO is a prevalent method because of
its high hardness and strong metallurgical bonding
of the MAO coating to the substrates [12].
Nevertheless, the MAO-treated ceramic film is
almost insulated and non-thermally conductive,
resulting in overheating or charge accumulation on
the Mg alloy parts used as integrated electronic
devices [13]. In addition, the prepared MAO layer
has a porous structure, which is incapable to
provide durable corrosion protection for Mg alloys.
Therefore, it is necessary to design and prepare
multifunctional hybrid coatings with favorable
electrical and thermal conductivity, and excellent
corrosion protection properties.

Polymeric coatings have been extensively
applied in metallic corrosion protection and
electronic packing industries due to their excellent
corrosion  resistance, easy processing and
applicability. Nevertheless, polymeric materials
have weak bonding with metal substrates, and low
thermal and electrical conductivity, which is far
from satisfying the actual requirements for the
devices in Sth-generation applications. Fabrication
of a composite coating has been considered as a
promising strategy by incorporating conductive
fillers into the polymer resin. Commonly used
electrically and thermally conductive fillers include
metal powders [14], carbon black [15], carbon
fibres (CF) [16], carbon nanotubes (CNT) [17], and
antimony tin oxide (ATO) [18] together with
grapheme (G) [19]. G is a two-dimensional
nanomaterial with a honeycomb lattice structure,
and its intrinsic electrical and thermal conductivities
are up to 10°S/m and 5300 W-m!-K™!, respectively.

In addition, the G nanosheets possess unique
impermeability for obstructing corrosive media [20].
Therefore, it is of high significance for the
utilization of G in the composite coating to
achieve excellent electrical conductivity, thermal
conductivity and corrosion resistance. The
interfacial compatibility and orientation of the G
layers in the coating matrix play a crucial role in the
overall performance of the composite coating. To
date, it is very difficult to realize the desired
performance by a simply blending the randomly
orientated G nanosheets in polymeric coatings.

So far, covalent and non-covalent strategies

have been employed to improve the interfacial
compatibility of G-based composites [21]. These
methods indeed enhanced the interfacial interaction
between the G layers and polymeric resin. Among
them, ionic liquid (IL) has attracted wide interest
due to its low toxicity, good chemical stability and
strong adsorption capacity [22]. LIU et al [23]
reported that IL can improve the interfacial
compatibility of G in the epoxy coating through
cation—m interactions with enhanced corrosion
resistance. Therefore, the modification of G with IL
may provide a new approach for G dispersion in
resins. The natural nacre layer is composed of
inorganic aragonite and organic biopolymer, with
an orderly “brick and mud” layer structure [24],
exhibiting excellent mechanical and impermeable
properties [25]. Inspired by nacre, researchers have
constructed biomimetic composites with “brick and
mud” structures through LBL self-assembly [26],
magnetic alignment [27], vacuum filtration [28],
freeze-drying [29] and spin-coating strategies [30].
However, the approach to structural regulation in
biomimetic composites is still challenging.

This study aims to fabricate a G—epoxy
composite coating with biomimetic “brick and mud”
structure on MAO-treated Mg alloy to achieve good
thermal and electrical conductivity and excellent
corrosion protection. Imidazole-based IL was first
synthesized and employed to improve the
interfacial interaction between the G layers and
epoxy resin (EP). Besides, the orientation and
existential state of G in epoxy resin were optimized
with a spinning process. The “brick and mud”
structure may effectively block the penetration of
the aggressive medium, and improve the physical
barrier performance of the coating. The oriented GI
nanosheets contribute to the transportation of
charges and phonons, which enhances the thermal
conductivity and electrostatic dissipative properties
of the coating. Therefore, the biomimetic strategy
may provide a novel route for the preparation of
multifunctional composite coatings.

2 Experimental

2.1 Material

The as-extruded Mg alloy AZ31 (Al 2.5—
3.0 wt.%, Zn 0.7-1.3 wt.%, Mn >0.2 wt.% and the
balanced Mg) was selected as the metal substrate,
which was supplied by Shandong Yin Guang Yu
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Yuan Light Metal Precise Forming Co., Ltd., China.
The compounds such as 1-butylimidazole (AR) and
1,8-bibromooctane (AR) were purchased from
Aladdin Industrial Corporation. G was obtained
from Anhui Zesheng Technology Co., Ltd. (China).
Bisphenol-A type epoxy resin (E-51) and
corresponding waterborne amine epoxy curing
agent (8538) were provided by Marine Chemical
Research Institute. Sodium chloride (NaCl, AR)
was obtained from Yantai Far East Fine Chemical
Co., Ltd. (China). Sodium silicate (Na>SiO3-9H-0,
AR) and sodium hydroxide (NaOH, AR) were
purchased from Tianjin Beichen District Fangzheng
Reagent Factory (China) and Tianjin Zhiyuan
Chemical Reagent Co., Ltd. (China), respectively.

2.2 Synthesis of ionic liquid (IL)

IL was synthesized based on the grafting
reaction between 1-butylimidazole and 1,8-
dibromooctane [23]. The mixture of 12.5g of
I-butylimidazole and 13.6 g of 1,8-dibromooctane
were put into 25mL of ethanol to obtain a
homogeneous solution, which was then transferred
into a single-necked round-bottom flask. The
reaction was carried out at 80 °C in an oil bath with
mechanical stirring for 8 h. After cooling to room
temperature, the product was obtained by removing
the solvent with a rotary evaporator. The reaction
diagram is shown in Fig. 1.
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Fig. 1 Synthetic route of IL

2.3 Fabrication of IL-modified G (GI)

The G nanosheets were modified by the
synthesized IL. Typically, 1 g of G was dissolved
in ethanol and sonicated for 30 min to obtain
a dispersion, designated as Solution A. Then, a
uniform solution (Solution B) was obtained by
dissolving 10 g of IL in ethanol and sonicating for
30 min. Subsequently, Solutions A and B were
mixed and stirred for 1 h. After that, the precipitate
was separated through centrifugation at a speed of
7000 r/min for 10 min. Finally, the product was
obtained after drying in a vacuum oven (60 °C) for
12 h.

2.4 Preparation of MAO coating

The Mg alloy substrate was firstly polished to
1500 grit with SiC papers, and then washed with
ethanol and deionized water. The pre-treated Mg
alloy substrates were treated with an MAO process
using an MAO device (HNMAO—- 20A—-DPM400,
Xian Haoning Electronic Technology Co., Ltd.,
China). The equipment consisted of a power supply,
a stainless-steel plate as the cathode and a stirring
cooling system. The tested -electrolytes were
composed of 10 g/l NaOH and 18 g/L. Na,;SiOs. In
the constant current mode of 1 A, the duty cycle
and frequency were set at 20% and 500 Hz,
respectively, and the formation process of the MAO
coating required around 3 min. After the
preparation of the coating, the MAO coating was
rinsed with ethanol and distilled water, separately,
and dried with warm air.

2.5 Fabrication of composite coatings

Composite coating was fabricated according to
the following procedures. Firstly, 2 g of GI powder
was dissolved in 20 mL of anhydrous ethanol and
ultrasonicated to obtain a homogeneous solution,
designated as Solution C, which was thoroughly
mixed with 3 g of curing agent and 2 g of epoxy
resin with a further 30 min of ultrasonication. In
addition, the mixture was evacuated in a vacuum
oven at room temperature to remove existing air
bubbles. Next, the prepared resin mixture was
coated on the surface of MAO-treated Mg alloy
using the spin-coating method. After drying at
60 °C for 5h, the biomimetic composite coating
was prepared on the Mg alloy AZ31 substrate. To
explore the arrangement of different contents of GI
in the coating under the condition of spin coating,
composite coatings with GI contents of 1%, 3% and
5% were prepared. To further investigate the effect
of filler orientation on the performance of the
composite coatings, four coatings were prepared
according to the ratios in Table 1.

Table 1 Composition of composite coatings

Composition/wt.%

Coating - Method
G GI Epoxy resin
EP - - 100 Blending
G/EP 5 - 95 Spin-coating
GI/EP1 - 5 95 Blending
GI/EP2 - 5 95 Spin-coating
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2.6 Characterization

The defects and structural variations of G and
GI were investigated by Raman spectroscopy
(Renishaw in Via Reflex). Besides, X-ray photo-
electron spectroscopy (XPS, Thermo Scientific
K-Alpha, USA) and Fourier transform infrared
spectroscopy (FTIR, Nicolet 380, Thermo Electron
Corporation, USA) were used to characterize the
chemical structures and functional groups of G and
GI. The surface morphology and cross-sectional
structure of the GI/EP2 coatings were analyzed
through scanning electron microscopy (FE-SEM,
Nova NanoSEM 450, USA). A thermal imager
(UTi260B) was wused to record the surface
temperature changes of coated samples. The surface
resistivity and the thermal conductivity of the
coating were determined via a volumetric surface
area resistivity tester and the laser flash method
(Netzsch, LFA457, Germany), respectively.

The corrosion resistance of the composite
coatings was performed on an electrochemical
workstation ~ (CHI-660E) in 3.5 wt.% NaCl
solution. A classical three-electrode cell was
applied, with a working electrode (exposed areca
of 1 cm?), a counter electrode (platinum plate with
an area of 2.5c¢m?) and a reference electrode
(saturated calomel electrode, SCE). Electrochemical
impedance spectroscopy (EIS) measurement was
performed in the frequency range from 10° to
102 Hz with a sinusoidal perturbation of 20 mV
at the open circuit potential (OCP). To ensure
reproducibility, three parallel-coated samples are
required for all measurements. In addition, the
long-term corrosion protection performance of the
composite coatings was evaluated by a salt spray
test according to the ASTM B117 Standard.

3 Results and discussion

3.1 Synthesis and characterization of GI

As illustrated in Fig. 1, IL was synthesized
based on the grafting reaction between
1-butylimidazole and 1,8-dibromooctane. The
synthesized IL was then introduced into the G
surface through cation—= interactions between the
imidazole ring of IL and the conjugate structure of
G. And then, the GI nanomaterials were obtained.

The surface morphology and microstructure
of the G and GI nanosheets are displayed in
Figs. 2(a, b), respectively. The pristine G exhibited

a smooth surface with fewer folds, while GI had a
rougher and thicker lamellar structure. The change
in G morphologies can be attributed to the wrapped
IL, which indirectly indicated the successful
synthesis of GI.

Fig. 2 SEM images of G (a) and GI (b) nanosheets

FTIR tests were conducted to detect the
variations in the chemical structures of the G
nanosheets during the modification process. The
FTIR spectra of G, IL, and GI are displayed in
Fig. 3(a). For the pristine G, the characteristic
peak appeared at 1651 cm™!, corresponding to the
C=C stretching vibration of G six-membered
rings [31,32]. Besides, the peaks at 3450 and
1084 cm™' are related to the residual oxygen-
containing groups in the G, prepared by the
reduction—oxidation method. In contrast to the G,
several new peaks were observed at 1562 and
1460 cm™! in the spectrum of GI, assigning to C—N
and C=N stretching vibrations, respectively. This
scenario can be attributed to the imidazole rings.
That is, the synthesized IL was introduced into the
surface of G successfully [33,34]. In addition, the
appearance of the absorption peak at 1162 cm™!
(in-plane asymmetric stretching vibration of
imidazole) also indicated that the G was covered
successfully by IL [35].



Pu-sheng SUIL et al/Trans. Nonferrous Met. Soc. China 34(2024) 157170 161

4000 3500 3000 2500 2000 1500 1000 500 1

000 1200 1400 1600 1800

Wavenumber/cm™ Raman shift/cm™!

(©) Cls (d) Cls

OR Is N 1s J cee ll;iattzivnsgpectrum

3 GI
Cls
C—-0

Ols ‘\J -

- e
600 500 400 300 200 291 289 287 285 283 28l

Binding energy/eV

Binding energy/eV

Fig. 3 FTIR (a) and Raman (b) spectra of IL, G and GI; XPS spectra of G and GI (c); C 1s XPS spectra of GI (d)

Raman spectroscopy was used to investigate
the impact of IL on the G structure. As shown in
Fig. 3(b), the characteristic bands of G appeared at
1340 and 1584 cm™!, corresponding to D and G
bands, respectively. Usually, the D band refers to
the defect and disorder vibrations at the margins or
planes of G [36], while the G band relates to the
in-plane stretching vibrations of carbon atom sp?
hybridization [37]. Generally, the Ip/lc intensity
ratio can be used to depict the degree of defects in
G [30]. It can be observed that the modification
process lowered the Ip/lg intensity ratio. The
introduced IL molecules can compensate for the
defects in the G, which further suggested that IL
was attached to the G surface. Additionally, the G
bond shifted from 1584 to 1581 cm™!, indicating the
presence of the charge transfer between the G and
the IL. These results further proved the presence of
cation—7 interactions between the G and the IL
molecules [23].

The composition and chemical states of G and
GI were analyzed via XPS measurements. As can
be seen in Fig.3(c), Cls and O 1s peaks are

exhibited in the spectra of the G and GI. Notably,
the N peak originating from IL was found in
GI [38]. The presence of N peak can be attributed to
the introduced IL molecules. The high-resolution C
Is in the XPS spectra of the G and GI were
presented in Figs.3(d) and S1 in Supporting
Information (SI). Compared with G, a new peak
centred at 285.2 eV was observed for GI [21],
ascribing to the C—N bond in the IL. The results
designated that the G nanosheets were covered by
the IL. In addition, only the C—N peak at 398.5 eV
binding energy was detected from the N Is
spectrum of the GI, as depicted in Fig. S2 in SI.
The XPS results were consistent with the FTIR and
Raman results, which together confirmed that the
GI was successfully synthesized.

3.2 Construction of biomimetic composites
Biomimetic composite coatings with an
approximate “brick and mud” structure were
constructed through the spin-coating method
(Fig. 4(a)). During the spin-coating process, a
centrifugal force is applied to the resin mixture,
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Fig. 4 Illustration for preparation of biomimetic composite coatings (a); cross-sectional morphologies of composite
coatings with 5% G (b), 1% GI (c), 3% GI (d) and 5% GI (e) prepared by spin-coating method

which drives the orientation of the G layers in an
epoxy resin coating. To confirm the distribution of
the GI in the coating matrix, the cross-sectional
morphology of the composites was investigated
through SEM. Direct incorporation of the pristine G
into the coating matrix without the spinning
process resulted in the uneven distribution of G in

the epoxy resin with a loose structure (Fig. S3 in SI).

For the spin-coated unmodified G—epoxy
composite coating (Fig.4(b)), the G sheets
possessed a certain orientation in the resin, while
the coating presented low compactness and
numerous defects. This was ascribed to the poor
compatibility between the G and epoxy resin.
Figure S4 in SI exhibits the SEM images and EDS
mapping of the GI/EP2 coating, where the
three-layer composite structure (i.e., the substrate,
MAO and GI/EP2 layer) was observed with a

thickness of approximately 87.3 um. Figures 4(c—e)
show cross-sectional —morphologies of the
composite coatings with (1%, 3% and 5%) GI,
prepared by the spin-coating method. For the
biomimetic composite coatings, the centrifugal
force generated by high-speed rotation during the
spin-coating process drove the formation of the
orientation of the G and the “brick and mud”
structures. Besides, the compatibility between G
and epoxy resin was greatly improved as reflected
by the intact and compact surfaces. The arranged
G nanosheets in the composite can facilitate
heat transfer and electrical conductivity in the
coating [39—41]. In addition, the designed
biomimetic  structure  can  improve  the
impermeability of epoxy coating and thus prevent
corrosion media intrusion. The thickness of the
coating is displayed in Table S1 in SI.
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3.3 Thermal properties of coatings

To examine the thermal transport properties of
the composite coatings, the laser flash method was
employed to measure the thermal diffusivity (4).
The thermal conductivity of the composite coatings
is calculated based on the following formula [42]:

A=acpp (1)
where « is the measured thermal diffusion rate, ¢, is
the specific heat capacity, and p is the measured
average density.

The obtained thermal conductivities of
different coatings are presented in Fig. 5(a). The
thermal conductivity of EP coating was only
0.21 W-m “K™!, implying the limited capability of
the epoxy coating to dissipate heat in time. With the
addition of the G, the heat-conductivity of the
coating significantly increased. Compared with the
G/EP coating, the thermal conductivity of the GI/EP1
coating slightly increased by 0.020 W-m™ "K',
However, the biomimetic composite coating
(GI/EP2) displayed the highest thermal conductivity
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Fig. 5 Thermal conductivity of EP, G/EP, GI/EP1 and
GI/EP2 coatings (a); Surface temperature of water in

polystyrene cup (b)

of 0.77 W-m "K', which was three times higher
than that of the EP coating. It can be deduced that
the near-parallel arranged and mutually contacted
GI layers in the biomimetic structure can provide an
effective heat transfer path for the composite
coating.

For further evaluating the heat transfer
performance of the EP and biomimetic composite
coatings (GI/EP2), the temperature variations of
the samples were recorded by an infrared camera
during the heat dissipation test. Firstly, the EP and
GI/EP2 coatings were spin-coated on the inner
walls of the polystyrene cups. Subsequently, an
equal amount of hot water was added to the coated
cups, and the temperature variations of the water
were recorded through the infrared camera from 0
to 200 s (Fig. S5 in SI). The temperature in the
epoxy-coated cup decreased from 57 to 46.9 °C in
120 s. However, the temperature of the water in the
biomimetic composite coated cup rapidly reduced
from 62.5 to 42.4 °C in the same time duration. The
phenomena demonstrated that the near-parallel
arranged G in the “brick and mud” structure
significantly improved the thermal dissipation
performance of the coating. Figure 5(b) illustrates
the optical images and temperature curve of the
coated polystyrene cup. It was noticeable that the
cooling curve of the biomimetic composite coating
demonstrated a higher slope, indicating the faster
heat conduction capacity of the biomimetic
composite coating. These results are consistent with
the thermal conductivity results, which reveals that
the biomimetic composite coating is promising for
heat transfer applications [43].

3.4 Conductive properties of coatings

Due to its superior electrical conductivity, G is
applied to electrostatic dissipative materials [44].
Based on the ANSI/ESD S541-200 (USA) industry
standard, materials with surface resistivity in the
range from 1.0x10* to 1.0x10" Q-cm are classified
into electrostatic  dissipative materials, while
surface resistivity less than 1.0x10*Q:cm and
greater than 1.0x10"Q-cm are categorized as
conductive materials and insulating materials,
respectively [45]. The surface resistivity (Fig. 6) of
the EP coating was as high as 9.8x10'"' Q-cm, which
indicated that epoxy coating belongs to insulating
material [46]. The introduction of the G nanosheets
into the composite coatings decreased the surface
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resistivity. After modification of the G with IL,
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the anticorrosion property of the coated system [47].
As can be seen, the Z value of the EP coating
decreased sharply from 6.44x10' to 2.80x10%
Q-cm? after 40 d of soaking, indicating the rapid
penetration of the aggressive ions. Compared with
the EP coating, the declining extent in Z values for
the GI/EP1 coating was reduced significantly.
Because of the introduction of the IL, the interfacial
compatibility between the G layers and the resin
was improved, which increased the compactness
and barrier property of the coatings. Notably, the
biomimetic composite coating prepared by the
spin-coating method displayed the optimum
anti-corrosion performance with the highest
impedance value above 10'°Q-cm? after 40d of
immersion. It can be inferred that the approximately
parallel-arranged GI nanosheets in the biomimetic
“brick and mud” structure effectively prevented the
ingress of corrosive media. Besides, the Nyquist
results were also consistent with the Bode plots.
Usually, a larger capacitance arc indicates better
corrosion resistance of coating [48]. It was evident
that the capacitance arcs of the epoxy coating
reduced rapidly during the immersion period,
revealing the unsatisfactory corrosion protection
capability. Larger capacitance arcs exhibited for the
GI/EP coating, compared with the EP coating.
However, the biomimetic composite coating
showed the largest capacitance arc during the whole
immersion period, which illustrated that the
biomimetic composites prepared by spin-coating
obtained superior impermeability and excellent
corrosion protection performance.

To better analyze the corrosion process
of the composite coatings, the EIS results were
further fitted by ZSimpWin software using the
corresponding equivalent circuits in Fig. 8, and the
corresponding fitted data are presented in Table S2
in SI. Generally, Rs and R. represent the resistances
of the solution and the coating, respectively.
Owing to the dispersion effect [49], the interfacial
capacitance was represented by a constant phase
element, CPE (Q. denotes the coating capacitance).
Usually, the coating resistance to aggressive species
can be reflected by R. values [50]. The fitted R.
results for the coating as a function of time are
shown in Fig. S6 in SI. As the immersion time
extended, the R. values for each coating system
gradually decreased. Especially, during the entire
testing process, the biomimetic composite coating

with a “brick and mud” structure displayed the
highest R. values, revealing its superior barrier

property.
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Fig. 8 Equivalent circuit model of EIS data

Moreover, the breakpoint frequency (fy), the
frequency at —45° in the phase angle, is another
valid parameter for verifying the protective
properties of coatings because f; is closely related to
the microscopic delamination of the coating [51].
The change in f, for all coatings over 45d of
immersion is displayed in Fig. 9. The increase in f;
values can be attributed to interfacial corrosion,
which can weaken the forces between the metal and
coating and result in coating deterioration. The
variations of f;, values are negligible for biomimetic
composites during 40 d of immersion, indicating
that the interfacial corrosion has been greatly
inhibited. These phenomena confirmed that the
oriented GI in the “brick and mud” structure
obviously suppressed the penetration of electrolytes
and prevented the coating delamination.

To wverify the actual corrosion protection
performance of the prepared coating, salt spray tests
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03+ |
021 !
0.1 ]
0 | )

Immersion time/d

Fig. 9 Breakpoint frequency (f,) for different coating
systems during immersion
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were conducted. Before the test, the coating was
manually scribed with a surgical knife to expose the
metal substrate to the solution. Then, the damaged
coating was placed in a test chamber with
continuous spray (5 wt.% NaCl solution) at
(35+£2) °C. Figure 10 presents the images of the
composite coatings during 240 h of the test. The
corrosion products in Fig. 10(a) were found in the
scratched area after 24 h. Besides, obvious
corrosion pits appeared on the surrounding area of
the EP coating, illustrating the rapid deterioration
of EP coating. As the test time extended, large
amounts of corrosion products filled the scratches
accompanied by coating bulging. The observations
indicated the poor protection performance of the
EP coating. As for the biomimetic composite

24 h 72 h

coating in Fig. 10(b), the corrosion products in the
scratched area were detected after 120 h. Moreover,
no visible defects and corrosion pits exhibited
during 240 h of the test, which demonstrated the
excellent protection performance of the Mg alloy
substrate.

In order to investigate the extent of corrosion
after salt spray measurement, the corrosion
morphology and elemental compositions of the
scratched areas were analyzed through SEM and
EDS. Compared with the EP coating (Fig. 11(a)),
the biomimetic composite coating (Fig. 11(b))
exhibited fewer corrosion products in the crevices.
As can be seen from the EDS results, a high
concentration of Na and Cl elements was observed
at the scratches on the EP coating, which proved the

120 h 192 h 240 h

(a)
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( /
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Fig. 10 Visual performance of EP (a) and GI/EP2 (b) coatings after 240 h of salt spray test

(b)

0 2 25 pm

N Cl

Energy/keV
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Fig. 11 SEM images and EDS analysis results of different scratched coatings after salt spray for 240 h: (a) EP;

(b) GI/EP2
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severe corrosion of the exposed Mg substrate.
Significantly, the EDS results for the biomimetic
composite coating remained in the low range for Na
and CI elements. These results confirmed that the
approximately parallel aligned G nanosheets in the
“brick and mud” structure can extend the intrusion
path of the electrolyte, hence retarding the corrosion
of the Mg substrate.

3.6 Synergistic mechanism of heat conduction,
electricity conduction and corrosion
protection of composite coatings
The specific working mechanism is illustrated

in Fig. 12. For a composite coating, the interfacial

compatibility between the filler and the resin, and
the orientation of the filler in the resin played
significant roles in the overall performance of the
coating system. Firstly, IL was synthesized and
introduced into the G surface to improve the
dispersion of G in the resin. Subsequently, the
spin-coating method endowed the biomimetic
composite coating with a “brick and mud” structure,
in which the GI layers were approximately arranged
in parallel. The orientated GI nanosheets effectively
reduced phonon scattering and facilitated the

formation of heat transfer paths, which improved
heat transfer efficiency. Normally, the accumulation
of static charges could produce a discharge
phenomenon, which could result in fire and
explosion accidents. The nearly parallel arranged
GI nanosheets contributed to the generation of
conductive pathways, enhancing the electrostatic
dissipative property.

Generally, the barrier property of anticorrosion
coatings is crucial in practical applications. Due to
the limited barrier capacity of the pure epoxy
coating, the corrosive media (O,, H,O and CI")
would rapidly penetrate into the coating and induce
metal corrosion. The orientation and distribution
state of the filler exerted a major influence on
the barrier property of the organic coating.
Importantly, the GI layers in the “brick and mud”
structure prepared by the spin-coating method
presented near-parallel orientation, which greatly
prevented the penetration of aggressive species and
achieved long-term corrosion resistance. Therefore,
the multifunctional coating with superior thermal
conductivity, electrostatic dissipation and anti-
corrosion properties was prepared by the spin-
coating method.

“Brick and mud” structure

Heat accumulation

P 4

Static accumulation

Heat dissipation

e y
> 4 éi'

Electrostatic dissipation

Fig. 12 Schematic diagram of mechanism of heat conduction, electricity conduction and corrosion protection of

multifunctional coating
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4 Conclusions

(1) The interfacial compatibility between the G
nanosheets and the resin coating was dramatically
improved by the presence of the IL on the G surface.
Fracture surface morphology investigations
indicated that the pin-holes and defects in the
coating were successfully reduced, contributing to
the enhanced density of the coating.

(2) Compared with the pure epoxy coating, the
thermal conductivity of biomimetic composite
coating with a “brick and mud “structure increased
by two times, and the biomimetic composite
coating displayed the optimal heat dissipation
capacity in thermal tests. The oriented GI
nanosheets in the “brick and mud” structure
promoted charge transfer and contributed to the
reduction of the surface resistivity of the coating
(1.6x10°Q-cm), demonstrating the favourable
electrostatic dissipative properties of the coating.

(3) Electrochemical and salt spray results
demonstrated that the biomimetic composite
coating possessed an improved corrosion resistance
with an impedance value of 6.76x10'°Q-cm?.
Multifunctional composite coatings based on
biomimetic strategies are expected to be applied in
complex and harsh environments.
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