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Abstract In this paper, a novel multifunctional
superamphiphobic coating for anticorrosion was successfully
prepared on aluminum substrate via a simple spraying technique.
Al,O3 nanoparticles were chemically grafted onto montmorillon-
ite (MMT) nanosheets via coupling effect of NH,-C3Hg-
Si(OC,Hs); (KH-550) and then modified by low surface energy
material polydimethylsiloxane (PDMS). The ethylene tetrafluor-
octhylene (ETFE) composite coating with 25 wt% MMT/Al,O5-
PDMS binary nanocomposite exhibited well-designed nano/p
structures and possessed superamphiphobicity with high contact
angles towards water (164°), glycerol (158°) and ethylene glycol
(155°). This coating demonstrated outstanding self-cleaning abil-
ity and strong adhesive ability (Grade 1 according to the GB/T
9286). The superhydrophobicity could be maintained after 8000
times abrasion or annealing treatment for 2 h under 350 °C. The
coating still retained high water-repellence after immer-
sion in 1 mol/L HCI (146°), 1 mol/L NaOH (144°) and
3.5 wt% NaCl (151°) solutions for 30 d. It should be
noted that this superamphiphobic coating revealed excel-
lent long-term corrosion protection with extremely low corrosion
rate (4.3 x 10 um/year) and high protection performance
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(99.999%) after 30 d immersion in 3.5 wt% NaCl solutions based
on electrochemical corrosion measurements. It is believed that
such integrated functional coating could pave new way for self-
cleaning and anticorrosion applications under corrosive/abrasive
environment.
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Wear/heat-resistance - Corrosion protection

Introduction

The ubiquitous corrosion and rusting could cause enormous re-
sources wastes and economic loss to modern industrial societies
[1]. Various anticorrosive paints have been developed to regulate
metal corrosion, such as epoxy [2], polyester [3] and polyure-
thane [4], etc. Nevertheless, these traditional coatings are (super)
hydrophilic, which are not durable owing to the easily perme-
ation of corrosive ions (such as CI) to the coating/metal inter-
face. In recent years, superamphiphobic (super-repellent) coat-
ings with high contact angle (CA > 150°) towards water and
various oil liquids, inspired by the natural self-cleaning lotus leaf,
have been studied for various applications, such as self-cleaning,
anticorrosion and anti-icing [5—7]. Up to now, different technol-
ogies have been developed for fabricating superamphiphobic
surfaces including chemical vapor deposition, electrodeposition,
sol-gel processing and spraying [8—11]. However, most of these
methods usually request complicated conditions, special devices
and small substrate size, limiting their widespread industrial ap-
plications. Meanwhile, a common weakness of the current coat-
ings is the susceptibility to mechanical abrasion or highly corro-
sive environment which could lead to the loss of non-wetting
property [12, 13]. Hence, the scale-up practical applications of
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superamphiphobic coatings are extremely scarce in aggressive
service environment.

It is well-recognized that creating superamphiphobic surfaces
is governed by both suitable hierarchical surface structures
and extremely low surface free energy [14, 15].
Polydimethylsiloxane (PDMS) with low surface energy (21.6
mN/m) has been used to fabricate (super)hydrophobic surfaces
mainly as biomimicking template or (super)hydrophobic modi-
fier of nano/pL coating fillers, such as SiO,, CaCO3; and ZnO [16,
17]. Kapridaki et al. [18] incorporated PDMS with mixture of
tetraethoxysilane and titanium-tetra-isopropoxide to form a uni-
form sol via sol-gel process, and brushed the solution on marble
surfaces to obtain hydrophobic TiO,-Si0,-PDMS nanocompos-
ite coating. Chakradhar et al. [19] prepared superhydrophobic
coating with water contact angle (WCA) of 155° based on
PDMS-modified ZnO nanocomposite by spraying technique.
Gao et al. [20] added SiO, particles into PDMS solution to de-
velop PDMS-SiO, uniform nano-suspensions, and then
immersed clean glass slides into the solution to achieve
superhydrophobic surfaces. However, these surfaces still
cannot reach superamphiphobicity, and the coating ro-
bustness which is significant for industrial application
is rarely investigated. Therefore, engineering superamphiphobic
coatings with mechanically and chemically durability to apply
as robust and anticorrosion barrier is especially required for
practical applications.

Combination of nanoparticles with 2D nanosheets which
have large surface area is theoretically possible to obtain essential
roughness and also improve the barrier effect to prevent aggres-
sive molecules from reaching the underneath substrate. Nine
et al. [21] formulated a mixture suspension of reduced graphene
oxide (rGO), diatomaceous earth particles and TiO, nanoparti-
cles and then modified with PDMS, achieving highly
superhydrophobic surface (WCA = 170 + 2°) due to the struc-
tural improvement with hierarchical surface roughness.
However, its application is limited by the complicated prepara-
tion technology and high cost of 1GO [22]. Low-cost montmo-
rillonite (MMT) nanosheets have been demonstrated to increase
the length of the diffusion pathways for water, oxygen and ag-
gressive ions and thus enhance the coating anticorrosion ability
[23]. Lai et al. [24] fabricated MMT/polyacrylate coating which
showed better corrosion protection efficiency over neat
polyacrylate on the basis of electrochemical measurements.
Zhang et al. [25] found that the polyaniline/MMT/epoxy com-
posite coating exhibited superior barrier ability compared with
PANI/epoxy coating. Unfortunately, MMT with merely 2D sheet
nanostructure is difficult to build structural hierarchy for
superamphiphobic coating. To achieve extremely high rough-
ness, nanoparticles could be grafted via chemical bonding func-
tion onto the MMT nanosheets surface, but not directly mixed
with MMT. Meera et al. [26] prepared SiO,/MMT composites
via in situ polymerization of tetraethylorthosilicate precursor in
the presence of MMT. However, the involved complicated steps
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and particularly long polymerization time made challenges for
large-scale applications.

In this study, we aim to develop a facile technique to prepare
binary system of MMT nanosheets/Al,O; nanoparticles com-
posite by the coupling effect of NH,-C3Hg-Si(OC,Hs); (KH-
550) and low-surface-energy modification of PDMS. KH-550
could react with both the hydroxyl groups of MMT and Al,O;
surface, leading to the graft of Al,O5; nanoparticles onto MMT
nanosheets surface. Furthermore, the use of traditional hydro-
philic film-forming materials, such as epoxy, polyurethane,
acrylic resins, may cause the loss of coating non-wetting prop-
erty after abrasion/corrosion mainly because of hydrophilic im-
purities left on the surface [27, 28]. Thus, in this work the inert
hydrophobic fluorinated polymer ethylene tetrafluoroethylene
(ETFE) is introduced as film-forming material of the prepared
robust superamphiphobic coating due to its advantages of low
surface energy, high thermal stability, self-lubrication, excellent
mechanical strength and chemical resistance to acids, bases and
solvents [29, 30]. The as-prepared MMT/Al,Os-PDMS nano-
composite was embedded into the ETFE coating as nanofiller to
build the requisite hierarchy bionic structures. 1H,1H2H,2H-
perfluorooctyltriethoxysilane (POTS) which has extremely low
surface energy (19 mN/m) was also added into the composite
coating to achieve superamphiphobic surface. To enhance the
adhesion strength between coating and metal surface, nano/p
structures were built on the aluminum surface by acid etching
and hydrothermal reaction. The superamphiphobic coating with
excellent mechanical durability and corrosion resistance was
finally successfully prepared on the etched aluminum substrate
via simple spraying approach which could be widely applied in
industry. The durable non-wettability, self-cleaning, wear resis-
tance and thermal stability of the composite coating were inves-
tigated in detail. The anticorrosion behaviors were analyzed
based on electrochemical corrosion measurement in saline con-
ditions. It is believed that this work will provide a new way for
multifunctional anticorrosion coating which could be potential-
ly widely used in practical application.

Material and methods
Materials

Commercial ETFE powders were provided by DuPont
(USA). MMT nanosheets with diameter ranging from
500 nm to 2 um were purchased from Shenzhen Haicheng
Co. Ltd. (China). Ethylene glycol, glycerol, ethyl acetate, eth-
anol and Al,O5 nanoparticles with average diameter of about
30 nm were supplied from Aladdin Reagent Co. Ltd. (China).
POTS was purchased from Sigma Aldrich Co. (USA).
Hydroxyl-terminated PDMS (purity >98 wt%) and KH-550
were obtained from Jinan Hailan Reagent Factory and Jinan
Xingfeilong Chemical Ltd. (China), respectively. The
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composition of aluminum plate used in this work is 99.0% Al,
0.45% Si, 0.05-0.20% Cu, 0.01% Zn, 0.035% Mn,0.05% V
and 0.35% Fe.

Preparation of MMT/AL,Os;-PDMS composite

The MMT/AL,O5-PDMS composite was prepared as follows:
1 g MMT nanosheets and 1 g Al,0O5 nanoparticles were added
into a 50 mL mixture solution of deionized water, KH-550 and
ethanol (v/v/v = 1/1/18) under ultrasonication for 30 min,
followed by dissolving 0.5 mL PDMS with magnetic stirring
for 24 h at room temperature. After filtration and drying, the
superhydrophobic MMT/Al,O5-PDMS composite was finally
obtained. As illustrated in Fig. 1a, through siloxane bonding
the hydroxyl groups of MMT and Al,Oj3 surface firstly reacted
with KH-550 and then the Al,O3 nanoparticles could graft on
the MMT nanosheets surface. The hydroxyl-terminated
PDMS could finally bond with the MMT/AI,O; composite
to lower the surface free energy.

Preparation of ETFE-MMT/Al,O3-PDMS composite
coating

Thepristine aluminumplate (1100 grade, 80 mm x 80 mm x 1 mm)
was polished with 1000 mesh sand papers in one direction, and
then ultrasonically washed in absolute alcohol. Afterwards, the
plate was etched in hydrochloric acid (3 mol/L) for 30 min

followed by absolutely washing with deionized water to remove
oxidation residue. The pre-treated aluminum with nano/p
roughness was eventually achieved by a boiling water bath for
30 min (Fig. 1b).

1 g ETFE powders, certain amount of MMT/Al,O3;-PDMS
and 0.2 g POTS were added into 20 mL ethyl acetate and
unltrasonicated for 60 min to ensure a uniform dispersion.
The superamphiphobic coating was obtained by spraying the
above solution on the pre-treated aluminum plate with an air
spray gun under a pressure of 0.3 bar and curing under 330 °C
for 1.5 h (Fig. 1b). The composite coating with unmodified
MMT and Al,O; nanoparticles was also prepared via the same
procedures as control samples.

Characterization

The wettabilities of the composite coatings were evaluated by
measuring the CAs and sliding angles (SAs) with approximately
5 uL liquid droplets using Contact Angle Meter (JGW-360A,
Chengdeshi Shipeng Detection Equipment Co. Ltd., China). The
coating morphologies were observed using a Zeiss SIGMA field
emission scanning electron microscope (SEM). The coating sur-
face roughness was examined using the laser scanning confocal
microscope (LSCM) (LEXTOLS3000, OLYPUS, Japan). The
chemical composition was inspected by Tensor27 fourier trans-
form infrared spectroscopy (FT-IR) and X-ray energy dispersive
spectrometry (EDS) using an Oxford Instruments. The adhesive
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Fig. 1 Schematic illustration of the preparation procedures for MMT/
Al,03-PDMS nanocomposite (a) and the superamphiphobic ETFE-
MMT/AL,O3-PDMS composite coating (b). The pink, yellow and blue

droplets on the coating surface represent water (W), glycerol (G) and
ethylene glycol (EG) droplets, respectively
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strength of the composite coating was investigated using cross-
cut method based on GB/T 9286 standard testing method. The
wear-resistant ability of the coating was evaluated using Taber
Wear and Abrasion Testers (JST-3393). Thermogravimetric (TG)
data were obtained by thermogravimetric analyzers (STA73000,
Beijing SaiSiMeng Instruments Co., Ltd., China) at a heating rate
of 10 °C/min under air atmosphere. The variation of WCAs was
investigated after immersing the coatings into strongly acidic
(1 mol/L HCI), alkaline (1 mol/L NaOH) and 3.5 wt% NaCl
aqueous solutions for 30 d. To prevent the corrosive medium
from penetrating the coatings through the defect region on the
edge, the uncoated side and the edge of the samples were sealed
using paraffin before anticorrosion tests. The electrochemical
corrosion measurement was conducted in 3.5 wt% NaCl solution
by employing electrochemical workstation (Autolab
PGSTAT302N), with Pt sheet and saturated calomel electrode
(SCE) as counter electrode and reference electrode respectively.

Results and discussion
Coating wettability

The modified and unmodified MMT/Al,O3; nanocomposite
varying from 0 to 30 wt% was added into the ETFE coatings
to optimize the coating non-wettabilities. The average thick-
nesses of the prepared coatings range from 30 to 50 um
(Table S1, S2). The variations of CAs and SAs to various
liquids (water, glycerol and ethylene glycol) for ETFE-
MMT/AL,O5-PDMS composite coatings on the etched alumi-
num substrates were shown in Fig. 2a,b. The non-wetting
ability of the composite coating can be enhanced significantly
with the addition of MMT/AL,O3-PDMS nanocomposite, as
evidenced by the increasing CAs and decreasing SAs to water,
glycerol and ethylene glycol. The best superamphiphobic
property can be achieved by the coating with 25 wt% MMT/
Al,O3-PDMS, which has average CAs of 164°, 158°, 155°
and SAs 0f 0.7°, 3.2°, 3.9° towards water, glycerol and ethyl-
ene glycol, respectively. It should be pointed out that the
superamphiphobicity could not be achieved for the ETFE-
MMT/AL,O3-PDMS composite coated on unetched smooth
aluminum substrates (Fig. S1), indicating the necessity of
rough surface structure of aluminum substrates for the
superamphiphobicity of the composite coating. Even though
the addition of unmodified MMT/AIL,O3 could also improve
the anti-wettability of the composite coatings towards water,
glycerol and ethylene glycol, the best result obtained from the
composite coating with 25 wt% unmodified MMT/Al,O4
showed superior repelling properties toward water (153°)
and glycerol (151°) but failed to ethylene glycol (139°)
(Fig. 2¢). The composite coatings with 25 wt% modified
MMT/AlL,O53-PDMS and unmodified MMT/Al,O3 were
named as ETFE-MMT/Al,05-PDMS-25 and ETFE-MMT/
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Al,05-25 respectively and were further investigated in detail
in the following studies. It should be noted that the ETFE-
MMT/AL,O5-PDMS-25 composite coating demonstrated bet-
ter water-repellent ability with high CAs (158-164°) than the
ETFE-MMT/AL,O3-25 composite coating with CAs (150—
154°) towards corrosive solutions from pH 1 to 14 (Fig. 2d).

Fig. 3a showed different sized water drops on the ETFE-
MMT/AL,O3-PDMS-25 composite coating and all the water
drops exhibited a near-perfect spherical shape. The coating
non-wettability towards flowing fluid is essential for practical
application. As shown in Fig. 3b, the water jet reflected from
the impact point at 45°, without spreading on the surface. The
water jet was directed onto the overall coating surface for at
least 30 min, and the WCA still remained 162°, indicating the
stability of the ETFE-MMT/Al,O3;-PDMS-25 composite coat-
ing. To study the self-cleaning property of the composite coat-
ing, an abundant amount of graphite powder was spread on
coating surface and water was slowly dripped onto the pollut-
ed surface (Fig. 3c). It can be displayed that the initial water
drops picked up nearly all the graphite powder they encoun-
tered, and were coated by a heavy layer of dirt. These drops
rolled off the coating surface and simultaneously removed the
graphite dirt. The followed water drops cleaned the coating
surface completely, showing excellent self-cleaning ability of
the superamphiphobic coating. Such excellent stability and
self-cleaning ability could provide possibility for long-term
practical applications in rigorous environment.

Coating morphologies

As displayed in Fig. 4a, the original MMT nanosheet was very
smooth before modification. Without the silane coupling agent
KH-550, the MMT/AL,O3 powders are superhydrophilic and
Al,Oj3 particles could not graft onto the MMT surface
(Fig. S2). While through siloxane bonding effect assisted by
KH-550, the hydroxyl-terminated Al,O3 nanoparticles can suc-
cessfully graft on the MMT surface as observed in Fig. 4b. After
modification, nearly spherical water droplets could stand on the
surface of MMT/A1,O3-PDMS composite, indicating the trans-
formation from superhydrophilic property (WCA =10 +2°) to
super-repellence towards water (WCA = 156 £ 1.5°) due to the
low-surface-energy modification by PDMS (Inset of Fig. 4a,b).
Compared with merely physical mixing of MMT and Al,O3 in
the composite coating, the incorporation of chemically modi-
fied MMT/A1,05-PDMS could result in highly porous and
rough surface (Fig. 4c,d). The LSCM result showed that the
average surface roughness value (Ra) of ETFE-MMT/AL,O5-
PDMS-25 coating was 1.74 pum, which is higher than that of
ETFE-MMT/A1,05-25 coating (1.51 um) (Fig. 4e,f). The im-
proved roughness could lead to the superior water repellence
for ETFE-MMT/A1,05-PDMS-25 coating with higher WCA
of 164° than that of ETFE-MMT/Al,O3—25 coating (154°). It
should be pointed out that the ETFE-MMT/Al,O3-PDMS-25
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coatings. Effect of MMT/Al,O3 content on the contact angles of the
ETFE-MMT/AL,O;3 composite coatings (c). Effect of solution pH on the

composite coating could achieve superamphiphobicity, while
the ETFE-MMT/AI,O3—25 cannot reach super-repellence to
ethylene glycol as reflected in Fig. 2. This could be mainly
attributed to both the higher rough structures and lower free
surface energy by introducing superhydrophobic MMT/
AlL,O3;-PDMS composite.

Chemical analysis

As shown in Fig. 5a, pure Al,O;, MMT and modified MMT/
Al,O3-PDMS composite were further characterized by FT-IR.
For the spectrum of MMT/A1,05-PDMS, the absorption
bands at 1611, 790 and 580 cm ™' were associated with the -
OH stretching vibration, the Al-O stretching vibration and the
stretching mode of six-coordinated Al originated from MMT
and Al,Os, respectively [31, 32]. The strong adsorption peak
located at 1099 cm ™' corresponded to the stretching vibration
of Si-O in MMT and PDMS molecules [25]. The new absorp-
tion band observed at 1264 c¢cm ', related to the stretching
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vibration of the -CH3 groups in -Si-(CHj3), were generated
from the modification by PDMS [18]. As evidenced by the
EDS result of MMT/AL,O3-PDMS (Fig. 5¢), the composite
was mainly composed of Al, O, Si and C. The appearance
of Si should be attributed to MMT and the successful modifi-
cation of PDMS.

As for the spectrum of ETFE-MMT/ALO3;-PDMS-25 com-
posite coating (Fig. 5b), the strong adsorption bands at 1240 and
1149 cm ! were associated with the stretching vibration of -CF,
which were originated from ETFE and POTS molecules. The
peak at 2933 cm™ ! should be related to asymmetric C-H
stretching of POTS or ETFE. The bands located at 1611 (—OH
stretching vibration) and 642 cm ' (—CH, in plane vibration)
were mainly generated from MMT/Al,O3-PDMS composite
and ETFE molecules, respectively [30]. Fig. 5d displayed the
EDS spectra of the ETFE-MMT/Al,O3-25 and ETFE-MMT/
Al,O3-PDMS-25 composite coatings. The fluorine content
(28.4%) of ETFE-MMT/AlL,O3-PDMS-25 is relatively lower
than that of ETFE-MMT/A1,05-25 composite coating
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Fig. 3 Optical image of water (a)
drops on the ETFE-MMT/ALO;- i
PDMS-25 composite coating (a), g
water jet impact (b) and the self-
cleaning performance of the
coating (c¢)

(49.7%), even though the former coating possessed superior non-
wettability. This indicated that both low free surface energy and
high roughness are essential for building superamphiphobic
surface.

Mechanical behaviors of the prepared coating
Adhesion ability

The adhesive strength of the ETFE-MMT/Al,03-25 and
ETFE-MMT/AI,O5-PDMS-25 composite coatings was inves-
tigated (Fig. 6). The composite coatings were first scribbled
into 2 mm %X 2 mm girding by using a razor to expose the
coating substrate, and then the test tapes were pressed and
pulled from the tested surface within 5 min. As shown in
Fig. 6al,a2, there were some detachment of flakes on the
ETFE-MMT/A1,05-25 composite coating and the impacted
area was between 5% and 15%, which can be classified as
Grade 2. However, the adhesion strength of the ETFE-
MMT/Al,05-PDMS-25 composite coating was improved to
Grade 1, which showed excellent adhesion with little peeling
in the cross-incision (Fig. 6 b1,b2). The strong interface adhe-
sive strength could be attributed to nano/p-scaled roughness
of the etched aluminum substrate as well as chemically bond-
ed MMT/A1,05-PDMS nanofillers. Furthermore, it should be
pointed out that the coating with modified MMT/A1,05-
PDMS composite could still remain superamphiphobicity af-
ter the cross-cut test as shown in Fig. 6 b3, while the
ETFE-MMT/Al,05-25 coating lost its super-repellence
towards water, ethanol and ethylene glycol in the cross
cut area (Fig. 6 a3).

@ Springer

Wear resistance

To estimate the wear-resistance of the composite coatings, the
abrasion resistance test was performed. As displayed in
Fig. 7a, the friction wheels were covered by 1000 mesh sand
paper and the composite coating was fixed under the friction
wheels with 100 kPa. The ETFE-MMT/Al,05-PDMS-25
coating could still remain superhydrophobicity with WCA of
151° after 8000 times rubbing, while the ETFE-MMT/Al,05—
25 composite coating lost its superhydrophobicity with WCA
of 142°. Furthermore, the ETFE-MMT/A1,05-25 composite
coating showed serious damage after 19,000 cycles and the
WCAs decreased from 154° to 130° (Fig. 7b). Comparatively,
the ETFE-MMT/AI,05-PDMS-25 composite coating exhibit-
ed slight damage even after 35,000 times abrasion with WCA
of 142° left. The enhanced abrasive resistance of ETFE-
MMT/AL,O5-PDMS-25 composite coating can be attributed
to the addition of modified MMT/Al,O5-PDMS which could
design better internal and external nano/p structures.
Moreover, ETFE macromolecules with high ductility
(400%) and self-lubrication property were also benefit for
the superamphiphobic coating to undergo long-time abrasion
[30]. Such robust surface would have wide application pros-
pects in rigorous practical application.

Heat resistance

The thermal stability of the ETFE-MMT/Al,0;-PDMS-25
and ETFE-MMT/AL,O5-25 composite coatings was exam-
ined by TG analysis. As shown in Fig. 8a, both the coatings
presented a stable thermal state under 400 °C and the weight
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Fig. 4 SEM images of MMT
nanosheet (a), MMT/Al,O3-
PDMS nanocomposite (b),
ETFE-MMT/AL,O3-25 (c) and
ETFE-MMT/AL,O5-PDMS-25
(d) composite coatings. LSCM
images of ETFE-MMT/AL, 0525
(e) and ETFE-MMT/AL0O5-
PDMS-25 (f) composite coatings.
Inset: the water drops on the
surface of unmodified MMT (a),
MMT/AL,O;-PDMS (b), the
ETFE-MMT/ALO5-25 (¢) and
ETFE-MMT/AL,O5-PDMS-25
(d) composite coatings
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loss was less than 2.6%. Such excellent heat-resistance can be
attributed to the high bonding energy of CF, bonds in ETFE
macromolecules. After annealing treatment for 2 h, both the
coatings could maintain superhydrophobicity under 350 °C,
while lose their anti-wetting ability at above 400 °C (Fig. 8b).
Comparably, the ETFE-MMT/A1,05-PDMS-25 composite
coating possessed higher water repellence than the ETFE-
MMT/A1,05-25 composite coating. The stable anti-
wettability over a wide temperature range could provide ap-
plication possibility in special high temperature environment.

Anticorrosion performance of the prepared coating
Corrosion resistance against corrosive solutions

To study the barrier effect of the coatings, the aluminum speci-
mens with ETFE-MMT/AL,05;-25 and ETFE-MMT/AL,O3-

PDMS-25 composite coatings were subjected to long-term im-
mersion in highly corrosive solutions. As shown in Fig. 9a, the

ETFE-MMT/AL,O3-PDMS-25 composite coating retained high
super(hydrophobicity) with WCAs of 146°, 144° and 151° after
immersion in 1 mol/L HCI, 1 mol/L NaOH and 3.5 wt% NaCl
solution for 30 d, respectively. Meanwhile, apparent silver mirror
effect can be observed on the coating surface owing to its high
water repellent ability. However, the ETFE-MMT/A1,05-25
composite coating was seriously damaged even after only 10 d
immersion in 1 mol/L HCI, 1 mol/L NaOH and 3.5% NaCl
solution, left extremely low WCAs of 6°, 15° and 106°, respec-
tively (Fig. 9b). The SEM images after anticorrosion tests
(Fig. S3) showed that nano/p structures can be maintained for
the ETFE-MMT/AL,O;-PDMS-25 coating, while significant cor-
rosion or crack can be found for the ETFE-MMT/Al,O3-25
coating. The superior and durable anticorrosion ability of
ETFE-MMT/AL,O5-PDMS-25 coating compared to ETFE-
MMT/AL,O3-25 coating can be mainly due to the addition of
chemically modified MMT/Al,O5-PDMS nanocomposite which
could build stable and highly porous nano/p structures as better
barrier surface to prevent the corrosive ions from permeation.
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Fig. 5 FT-IR spectra of pure (a) (b)
AlL,O3, MMT and MMT/AL,O;- ETFE
PDMS nanocomposite (a),
POTS, ETFE and ETFE-MMT/ -
Al,O3-PDMS-25 composite 9 X
coating (b) and EDS spectra of g 8
MMT/AL,O5-PDMS § £
nanocomposite (¢), ETFE-MMT/ £ =
ALO5-25 and ETFE-MMT/ g : ETFE-MMT/AL O -PDMS-25
Al,03-PDMS-25 composite g g A Al,0,-PDMS-25
coatings (d) ] =
9 - o 9
& ERAPR
4000 30l00 20I00 1 0I00 4000 3(;00 20I00 10I00
Wavenumber (cm”) Wavenumber (cm™)
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Potentiodynamic polarization analysis

In order to investigate the corrosion protection efficiency of
the coatings, Tafel plots for pure Al and coated Al substrates
were characterized in 3.5 wt% NaCl aqueous solutions
(Fig. 10). Furthermore, the electrochemical parameters ac-
quired from the polarization curves (Table 1) could also pro-
vide an indication of the coating stability during exposure to

Fig. 6 Optical images of the
ETFE-MMT/AL,05-25 and
ETFE-MMT/Al,O5-PDMS-25
composite coating before (al,
b1), after (a2, b2) cross-cut tape
test and the water (pink), glycerol
(vellow) and ethylene glycol
(blue) droplets on the tested
surfaces (a3, b3)

@ Springer

salty corrosive environment. Typically, positive shift of corro-
sion potential (E,,;) represents lower thermodynamical cor-
rosion tendency and smaller corrosion current (/) value
means lower corrosion dynamic rate [33, 34]. Compared with
the Lo, of untreated Al substrate (8.7 x 107> A/cm?), the
ETFE-MMT/A1,05-25 composite coating revealed reduced
corrosion rate with lower Z oy of 1.1 x 10”7 A/em? after 10 d
immersion. The slight negative shift of £, indicated the
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Fig. 7 Schematic illustration of (a)
the abrasion resistance test (a),
influence of friction process on
the water contact angles of the
ETFE-MMT/AL,05-25 and
ETFE-MMT/Al,O3-PDMS-25
composite coatings (b). Inset: the
optical images of water droplets
on the ETFE-MMT/AL,O5-
PDMS-25 coating after

35,000 cycles abrasion (b1) and
ETFE-MMT/AL,O5-25 coating
after 19,000 cycles abrasion (b2)

Friction wheel

initiation of pitting corrosion, which could also be reflected by
the loss of coating superhydrophobicity after 10 d immersion
in 3.5 wt% NaCl solution. As for the ETFE-MMT/A1,05-
PDMS-25 coating, positive shift of E, (~706 mV) and ex-
tremely low corrosion current density (4.1 x 107'° A/em?)
were obtained after 30 d immersion in 3.5 wt% NaCl solution.
This revealed the long-term anticorrosion performance of the
coating, which can be mainly due to its durable and superior
water-repellent ability as displayed in Fig. 9a.

The corrosion rate (CR) and corrosion protection efficiency
(P.E.%) were obtained from the measured 7, values accord-
ing to Egs. (1, 2) [5]:

I - M
CR = 3270 x % (1)
IC
PE% = (1--52 | x 100 (2)
10
corr

where 3270 = 0.01 x [1 year (in $)/96,497.8] and
96,497.8 = 1 F in Coulombs. M, V and d represent the atomic
mass, the valence and the density of aluminum substrate, re-
spectively. 70 and /¢, were the corrosion current of bare Al
substrate and coated Al substrate, respectively.

The ETFE-MMT/Al,O3-PDMS-25 composite coating ex-
hibited durable corrosion resistance property with extremely

lower corrosion rate (4.3 x 107> pum/year) and higher

Coating 120

—_
=z
—

180

~=—ETFE-MMT/AL O -PDMS-25
—o—ETFE-MMT/AL,0-25

T \\<
150 \—_.‘.\g \\‘_.
aal b [b2)
130{ EUDCIN PR

Load wheel 170

Water contact angle (°)

T T T T T
0 2000 4000 6000 8000
Number of friction

protection performance (99.999%) after 30 d immersion com-
pared to the ETFE-MMT/AL,O3—25 coating with corrosion
rate (1.3 um/year) and protection performance (99.874%) af-
ter 10 d immersion. The enhanced corrosion protection per-
formance of the ETFE-MMT/A1,O3;-PDMS-25 coating
should be related the addition of modified MMT/Al,O5-
PDMS nanocomposite which provided better barrier effect.

Electrochemical impedance spectroscopy (EIS) analysis

The EIS spectra for the composite coatings after immersion in
3.5 wt% NaCl solution were investigated to quantify their corro-
sion resistant performance and unveil the anticorrosion mecha-
nism. Lower semicircle diameter in Nyquist spectra (charge
transfer resistance) corresponds to higher corrosion rate [34].
As displayed in Fig. 11a,b, the ETFE-MMT/Al,05—25 compos-
ite coating possessed much lower total impedance magnitude
after 10 d immersion than that of ETFE-MMT/Al,O5-PDMS-
25 composite coating after 30 d immersion, which could be
attributed to the penetration of corrosive chloride ions to the
coating/aluminum interface and initiation of localized corrosion
as reflected in Tafel plot (Fig. 10). The impedance spectra of
ETFE-MMT/AL,O5-PDMS-25 coating exhibited basically one
semicircle over the whole frequency range after 30 d immersion
which implied a capacitive behavior and barrier type protection.

Fig. 8 TG spectra (a) and (a) 120 (b) 180
wettability (b) of the ETFE-
MMT/Al,05-25 and ETFE- =~ 150 1
MMT/AL,O5-PDMS-25 100 — ] b :
composite coatings —_ :\ ¥ 1204
S 804 o
- i 2
s g "
S 604 g
3 § 60
wd — ETFE-MMT/ALO,-PDMS-25 ; —=—ETFE-MMT/ALO,-PDMS-25
—— ETFE-MMT/ALO,-25 301 e~ ETFE-MMT/ALO,25
0 0 O . L
50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Temperature (°C)
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Fig. 9 Optical images of the
ETFE-MMT/Al,05-PDMS-25
(al, a2, a3) and ETFE-MMT/
AlLO;3-25 (b1, b2, b3) composite
coatings after immersion in
different corrosive solutions

3.5wt% NaCl,30d

®3)

In Bode plots, the impedance modulus at the lowest measured
frequency (most commonly |Z|y o1 11,) has been frequently
tracked as a semi-quantitative indicator of coating’s barrier func-
tion [35]. In Fig. 1lc,d, the |Z|po; 1, value of ETFE-MMT/
ALO3;-PDMS-25 coating (~107 Q/em?) after 30 d immersion
was about two orders higher than that of ETFE-MMT/ALO5—
25 coating (~105 Q/cmz) after 10 d immersion, indicating the
better barrier property of the former coating. The long-term stable
anticorrosion performance of the ETFE-MMT/AL,O3-PDMS-25
coating could be also reflected by the higher phase angles (~90°)
over a wide range in frequency after 30 d immersion (Fig. 11f).

107
10°1
10"1
10':1
101
1074
10'81
10”4
107101
lo»ll 1

Current (A/cm?)

0

1000 -900 800  -700

600 -500

Potential (mV)

Fig. 10 Potentiodynamic polarization curves for the uncoated aluminum
substrate (a), ETFE-MMT/Al,03-25 coating after 10 d (b) immersion in
3.5 wt% NaCl solution and ETFE-MMT/A1,03-PDMS-25 coating after
30 d (¢) immersion in 3.5 wt% NaCl solution

@ Springer

Comparatively, for the phase diagrams of ETFE-MMT/AL,Os—
25 coating, the existence of two time constants at high and low
frequencies was evident and indicated that corrosion has already
occurred on the electrolyte/substrate interface (Fig. 11e) [36].

It should be noted that the ETFE-MMT/Al,O3-PDMS-25
composite coating could maintain superhydrophobicity with
WCA of 151° even after immersion in 3.5 wt% NaCl solution
for 30 d (Fig. 9 a3). However, the ETFE-MMT/AL,O3—25 com-
posite coating lost its super-repellence towards 3.5 wt% NaCl
solution with WCA of only 106° after 10 d immersion
(Fig. 9b3). The higher rough surface of ETFE-MMT/AL,O3-
PDMS-25 composite coating with nano/p structures could trap
enough air at the solid-liquid interface and offer a stable air layer
to prevent the penetration of corrosive chloride ions and water
through the coating. Furthermore, compared to mere simple mix
of unmodified Al,O; and MMT in ETFE-MMT/AL,O5-25 coat-
ing, the modified MMT/ALO3-PDMS binary system via chem-
ical bonding used in ETFE-MMT/AL,O5-PDMS-25 composite
coating could increase the length of the diffusion pathways for
water and chloride ions and thus enhance the coating barrier
effect [25]. In consequence, the ETFE-MMT/AL,O3;-PDMS-25
composite coating with superior and durable anti-wettability
could achieve much better anticorrosion ability.

Conclusions

In this work, we prepared superhydrophobic MMT/Al,O3-
PDMS nanocomposite through the coupling effect of KH-
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Table 1 Potentiodynamic
polarization parameter values for Sample

Immersion time ~ Eeor (MV) Loy (Alem?)  CR (um/year)  P.E. (%)

uncoated and coated Al substrates

Uncoated 05h -784 8.7x107° 1.0 x 10° —
ETFE-MMT/AL,O5-25 10d -879 1.1x 107 13 99.874
ETFE-MMT/AL,O;-PDMS-25  30d -706 41x107"°  43x107 99.999

550 and low-surface-energy modification of PDMS. With
25 wt% MMT/Al,O5-PDMS addition, superamphiphobic
ETFE composite coating on etched aluminum substrate was
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successful achieved, with contact angles of 164°, 158° and
155° towards water, glycerol and ethylene glycol, respective-
ly. The excellent self-cleaning ability to graphite powder could
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Fig. 11 Nyquist, Bode and phase plots of ETFE-MMT/Al,05-PDMS-25 (a, ¢, e) and ETFE-MMT/Al,O3-PDMS-25 (b, d, f) composite coatings after

immersion in 3.5 wt% NaCl solution for 10 d and 30 d, respectively
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be attributed to the highly and stable water-repellence of the
coating with well-designed nano/p structures. The strong ad-
hesion ability of the ETFE-MMT/AL,O3;-PDMS-25 coating
was also obtained due to the nano/p-scaled roughness of the
etched aluminum substrate and the chemical bonding effect
between MMT nanosheets and Al,O5; nanoparticles. The
ETFE-MMT/Al,05-PDMS-25 coating demonstrated a re-
markable improvement in wear resistance and higher WCAs
in high temperature environment compared to the ETFE-
MMT/Al,O5-25 coating. From the electrochemical measure-
ments, the ETFE-MMT/A1,03-PDMS-25 coating possessed
extremely high protection performance (99.999%) and low
corrosion rate (4.3 x 107> pum/year) even after 30 d immersion
in 3.5 wt% NaCl solution. Based on the EIS analysis, the
ETFE-MMT/Al,05-PDMS-25 coating exhibited long-term
anticorrosion performance mainly due to the chemical modi-
fied MMT/Al,O5-PDMS nanocomposite which could build
durable superamphiphobic surface as better barrier and in-
crease the length of diffusion pathways of water and chloride
ions. It is believed that such robust multifunctional coating
could have promising potential for long-term application in
the corrosion protection of metal substrates.
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