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ABSTRACT

Although aluminum alloys are widely used in the aerospace and automotive industry, they are susceptible to
local corrosion and wear during long-term service in harsh environment. In this work, micro-arc oxidation
(MAO) coatings containing quasi-2D sericite microplates are prepared on the 2024 aluminum alloy, and their
corrosion and wear resistance are investigated. The results reveal that the sericite-incorporated MAO sample
prepared in the 15 g/L sericite electrolyte (M—15) possesses the best corrosion resistance in 3.5 wt% NaCl so-
lution, as manifested by a corrosion current density of 2.93 x 107'° A * cm™2 that is 4 orders of magnitude less
than that of the 2024 Al alloy substrate. The wear resistance of MAO coating is also improved by the addition of
sericite microplates, which is shown by the low wear rate and reduced coefficient of friction (~0.3) of M—15
against steel ball. Our mechanistic study reveals that the quasi-2D sericite microplates in the coatings can prevent
the penetration of the corrosive media and facilitate the formation of the tribo-transfer film. The sericite-
containing MAO coatings providing excellent protection to aluminum alloys under corrosion and wear condi-

tions possess great application prospects and large commercial potential.

1. Introduction

The aim of sustainable development demands the use of lightweight
materials in vehicles to reduce fuel consumption and carbon emission
[1,2]. Aluminum and its alloys are widely used in the aerospace and
automotive industries due to their small density, low melting point, high
strength-to-weight ratio, and good formability [3]. Among them, the Al/
Cu (2XXX-series) alloys are high-strength alloys often used in the aircraft
industry as fuselage and door skins, dorsal fins, and propellers [4]. They
are also important structural materials in vehicles as replacements for
high-strength steels to reduce the weight of the body in white (BIW) [5].
However, the 2XXX-aluminum alloys are susceptible to pitting and
intergranular corrosion, which greatly restricts their applications espe-
cially in highly corrosive environments [6]. Moreover, aluminum alloys
are prone to adhesive wear under dry friction conditions giving rise to
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large friction coefficients and poor wear resistance [7]. In fact, under
actual conditions, the corrosion and wear resistance of the 2XXX-series
aluminum alloys are far from satisfactory [5]. Surface treatment is an
effective way to improve the surface properties of aluminum alloys.
Protective coatings have been prepared on Al alloys by using techniques
such as anodization [8], physical vapor deposition (PVD) [9,10], elec-
trolytic deposition [11], sol-gel deposition [12,13], laser treatment
[14,15], and plasma nitriding [16]. However, these methods have
various shortcomings such as high cost, complicated process, poor
controllability, and difficult pretreatment.

Micro-arc oxidation (MAO), also called plasma electrolytic oxidation
(PEQ), is an electrolytic surface modification technology that produces
thick, hard, and adherent ceramic coating on valve metals and their
alloys [17-19]. However, due to severe discharge cooling and gas evo-
lution during the MAO process, the coating formed by MAO is usually
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porous and rough, which cannot effectively prevent the penetration of
corrosive medium and mitigate abrasion [20,21]. The limited range of
chemical compositions also hampers the wider application of MAO [22].
Recent developments have focused on adding particles to MAO coatings
to seal the pores and produce new functionalities. Generally, the
incorporation of micro-/nano-particles into MAO coatings can improve
the tribological [23] and corrosion [24] characteristics as well as
hardness and adhesion strength [25]. To obtain better corrosion resis-
tance and wear performance, some inorganic and metal oxide particles
like Al,O3 [26], MoO3 [27], ZrO2 [28,29], TiOy [30], ZnO [31], and SiC
[32] have been proposed to adjust the composition and structure of
MAO coating, although the aggregation and uneven distribution of
particles in MAO coating sometimes lead to a decrease in the protective
performance of the coating. The challenge of maintaining effective up-
take and uniform dispersion of particles during the MAO process is still a
problem that hinders practical industrial applications of particle addi-
tion in MAO [22].

Recently, two-dimensional (2D) layered materials such as graphene
[33], graphene oxide (GO) [34], and MXenes [35] have been widely
used in corrosion protection due to their excellent physical barrier
properties. Zhu et al. [36] designed a composite coating of cationic
dopamine-reduced graphene oxide (DRGO™") nanosheets and epoxy with
good corrosion resistance and Zhang et al. [37] prepared nacre-
biomimetic GO/epoxy (NBGE) coatings by using alternative spin-
coated epoxy and graphene oxide layers. Owing to their large specific
surface and self-lubricating properties, the 2D layered materials are
introduced into the coatings to enhance the wear resistance. Yan et al.
[35] prepared MAO/Ti3CoTx/epoxy composite coatings on the
aluminum alloy to obtain good corrosion and wear resistance. There-
fore, 2D layered materials are potential high-performance alternatives
for metal oxide fillers and other particles. Recently, 2D materials,
especially graphene oxide (GO), have also been incorporated in MAO
coatings. Li et al. [38] prepared ZrO, coatings combined with GO by
MAO, providing good corrosion and wear protection to N36 zirconium
alloy. Askarnia et al. [39] revealed that adding GO into the electrolyte
causes a reduction of the pores and cavities of coatings produced in the
MAO process. However, 2D materials such as graphene and MXenes
have disadvantages such as difficulty in preparation and high cost,
making them currently uneconomical for large-scale industrial appli-
cations. Moreover, their good electrical conductivity may cause galvanic
corrosion of the metal substrate, thereby accelerating metal degradation
and shortening the service life of coating [40,41].

Natural materials attract special attention due to their availability,
abundance, environmental-friendliness, and low cost. Sericite is a nat-
ural phyllosilicate clay mineral of fine-grained muscovite with a
chemical formula of KSi3Al3019(OH), [42]. As a 2:1-type layered silicate
mineral, sericite comprises three-layer units containing two silicon-
oxygen tetrahedrons and one aluminum/magnesium-oxygen octahe-
dron. By grinding [43], swelling[42], heating [44], or acid activation
[45,46], the raw sericite mineral can be exfoliated to obtain sericite
microplates or nanoplates. Like other 2D layered materials, sericite
plates possess a large ratio of lateral to axial dimension and layered
structure, providing them with excellent physical barrier effect and self-
lubricating properties. In addition, due to its silicate-based chemical
composition, sericite plates have good electrical insulating properties,
which is different from most other 2D materials. This property greatly
reduces their risk of causing galvanic corrosion and makes them a
potentially perfect additive to MAO coating.

In this work, the effects of adding sericite microplates on the prop-
erties of MAO coatings on aluminum alloy are studied. The sericite
microplates are exfoliated from raw sericite and used to form sericite-
incorporated MAO (SIM) coatings on the 2024 aluminum alloy. The
anti-corrosion and anti-wear properties of the SIM coatings are evalu-
ated, and the related mechanisms are also investigated and discussed.
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2. Experimental details
2.1. Preparation of MAO coatings

2024 Al alloy (3.9% Cu, 1.2 % Mg, 0.6% Mn, balance Al, wt%)
samples with dimensions of 40 x 25 x 2 mm were used as the substrate.
Prior to MAO, the specimens were sequentially ground and polished
with 400, 1200, 2000 grit silicon carbide paper, cleaned ultrasonically
in acetone and ethanol for 10 min, and dried in cool air. The natural
sericite powder (800 mesh, obtained from Wangqiao Mica Inc., Chuzhou,
China) was pretreated according to the following procedures. The nat-
ural sericite was heated to 800 °C in a muffle furnace for 1 h, and then
15 g of the sericite powder were dispersed in 500 mL 5.0 mol/L HNO3 at
95 °C, stirred for 5 h, filtered and washed with deionized water at 80 °C
for several times until the pH was 7, and then dried at 80 °C. In order to
ensure dispersion of the sericite, the electrolytes with different con-
centrations of sericite were stirred and ultrasonicated for 2 h before
MAO.

MAO was performed on a custom system comprising a DC pulsed
power supply (Protech Advanced Materials Ltd., Guangzhou) and a
stainless steel container as the cathode. A cooling system and mechan-
ical stirrer were utilized to keep the electrolyte temperature below
55 °C. The electrolyte was prepared by dissolving 30 g/L Na(POs)e in
deionized water and then adding different concentrations of as-treated
sericite powder from O to 15 g/L. The mixture was stirred and soni-
cated to obtain a steady electrolyte. The MAO processing was conducted
using the constant current mode with the current density of 10 A/dm?,
power frequency of 400 Hz, and duty cycle of 30% for 10 min. After
treatment, the MAO-coated sample was taken out from the electrolyte,
washed with deionized water and ethanol, and dried by air flow. The
samples were labeled M, M—5, M—10, and M—15, respectively, ac-
cording to the concentrations of sericite.

2.2. Materials characterization

The high-resolution transmission electron microscopy (HR-TEM, FEI,
Technai F20, USA) was employed to characterize the microstructure of
the sericite microplates. The X-ray diffraction patterns of untreated and
as-treated sericite powders were obtained on an X-ray powder diffrac-
tometer (XRD, PANalytical X’pert Powder, Netherlands) employing Cu
K, radiation (A = 0.15418 nm). The XRD data were collected in the 20
range from 10° to 80° at a scanning rate of 12°/min and step size of
0.013°. The surface and cross-sectional morphologies and elemental
compositions of the coatings were characterized by field-emission
scanning electron microscopy (FE-SEM, Carl Zeiss, SUPRA® 55, Ger-
many), and the elemental distribution was determined by energy-
dispersive X-ray spectroscopy (EDS). The composition was determined
by grazing-incidence X-ray diffraction (GIXRD, Rigaku SmartLab,
Japan) with Cu K, radiation (A = 0.15418 nm) at an incidence angle of
1°. The GIXRD data were collected in the 26 range of 10°-90° at a
scanning rate of 2°/min and step size of 0.02°. The Vickers hardness of
different coatings was measured by using a Vickers hardness tester
(HMV-2 T, Shimadzu, Japan) with a load of 200 g.

2.3. Corrosion evaluation

The corrosion resistance of the 2024 aluminum alloy and MAO-
treated samples were evaluated through electrochemical tests and im-
mersion tests in 3.5 wt% sodium chloride solution at room temperature
(25 °C). The electrochemical tests were carried out on the electro-
chemical workstation (Reference 600+, Gamry, USA) with the standard
three-electrode cell composed of a saturated calomel electrode (SCE) as
the reference electrode, a platinum mesh electrode as the counter elec-
trode, and the sample with an exposed area of 1 cm? as the working
electrode. After stabilization for 30 min at the open-circuit potential
(OCP), potentiodynamic polarization (POL) was conducted from — 0.25
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V to 0.75 V (vs. OCP) at a scanning rate of 1 mV/s. The potential was
scanned from the cathodic to the anodic regions to acquire the polari-
zation curves. The corrosion current densities (icor) and corrosion po-
tentials (Eo) were calculated by Tafel extrapolation. Electrochemical
impedance spectroscopy (EIS) was obtained after immersion for
different times to investigate the electrode/solution interface after sta-
bilization for 30 min. The data were recorded from 0.1 MHz to 0.1 Hz
with a sinusoidal perturbing signal of 20 mV at the open-circuit poten-
tial. The EIS data were fitted numerically by using the Gamry Echem
Analyst software. All the electrochemical tests were conducted at least
three times to ensure repeatability.

Immersion tests were performed to investigate the corrosion
behavior of different samples. The samples were immersed in 3.5 wt%
NaCl solution at room temperature for 0, 3, 5, 7, and 14 days. After
immersion in 3.5 wt% NaCl at room temperature for 0, 3, 5, 7, and 14
days, the samples were taken out, rinsed with water and ethanol, and
dried by flowing air. The surface morphology after the immersion test
was observed by FE-SEM and confocal laser scanning microscopy
(CLSM, VK-X200, KEYENCE, Japan) and the elemental composition was
determined by EDS.

2.4. Tribological evaluation

The tribological properties of the coatings were evaluated by ball-on-
flat friction experiments on the UMT-3 micro-tribometer (Bruker,
Campbell, CA, USA) with a GCr15 steel ball (@ = 6 mm) as friction pair.
The tribological test was carried out in rotational sliding mode under dry
conditions. The normal load, wear radius, sliding speed, and time were
set to 2 N, 3 mm, 200 r/min, and 600 s, respectively. The coefficient of
friction (COF) was recorded over time at a data acquisition rate of 100
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Hz. The surface morphology of wear tracks on samples was examined by
FE-SEM and 3D optical profilometry (UP Dual Model, Rtec, USA), and
the elemental composition was determined by EDS. The worn surfaces of
the counterpart balls were observed by optical microscope.

3. Result and discussion
3.1. Characterization of sericite microplates

The composition and microstructure of sericite before and after
pretreatment are characterized. Fig. 1(a) shows the wide-angle XRD
patterns of the raw and as-treated sericite and the inset shows the small-
angle XRD patterns from 1° to 10°. The diffraction peaks are consistent
with muscovite (JCPDS 07-0032) and quartz (JCPDS 01-079-1910).
Most peaks remain after the heat and acid treatment suggesting no phase
transformation after pretreatment [45]. The spectra show decreased
intensities for peaks such as (002) and (004) after the heat and acid
treatment, suggesting that the sericite lattices dissociate along the (002)
direction [47-49]. The (002) peak shifts from 8.85 to 8.74 after pre-
treatment due to the enlarged interlayer spacing from 9.98 A t0 10.11 A.
The results indicate that the lamellar structure of sericite is separated
after pretreatment. As shown in Fig. 1(b), the particle size of the sericite
plates ultrasonically dispersed in deionized water is found to decrease
from 3585.96 nm to 1843.46 nm and the Gaussian-like distribution of
the particle size is sharper after pretreatment. This phenomenon is also
revealed by XRD that the sericite lamellae are exfoliated from the
original structure. The zeta-potential ({) distribution (Fig. 1¢) shows that
the average ¢ value of the sericite plates changes from + 8.96 mv to
—27.89 mv, suggesting that the surface electrical charge of the sericite
microplates becomes negative and increases after pretreatment.

Fig. 1. (a) Wide-angle and small-angle X-ray diffraction (XRD) patterns; (b) Particle size distributions and (c) Zeta potential distributions of sericite before (S) and
after pretreatment (A-S); (d) Low-resolution TEM micrograph of a fragment from sericite after modification with the inset on the left bottom showing the EDS maps of
different elements and insets on the right-bottom showing the EDS spectrum of the related area; (e) High-resolution TEM micrograph taken from area (d).
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Generally, a higher zeta potential of particles indicates higher stability
of the particle-liquid system. The sericite microplates with higher ¢
value can be better dispersed in the electrolyte, which is conducive to
stable discharge during MAO and uniform incorporation of particles into
the coating. The relationship between ¢ and electrophoretic mobility (U)
is expressed by Smoluchowski’s equation [50]:

_&vel
n

U

where U is the electrophoresis force of the dispersed particles relative to
a fluid under the influence of electric field, ¢, is the dielectric constant of
the dispersion medium, ¢y is the permittivity of free space, 7 is the vis-
cosity of the dispersion medium, and ¢ is the zeta potential. The negative
charge of the particles facilitates electrophoretic movement during
positively charged MAO and incorporation into the MAO coating [22].

The microstructure of the sericite plates is further characterized by
transmission electron microscopy (Fig. 1d). The low-resolution TEM
image of a sericite-plate fragment shows a typical multi-layer lamellar
structure of quasi-2D materials. EDS reveals that the sericite plates are
composed of Si and O with small amounts of K, Al, and Fe. The high-
resolution TEM image (Fig. le) shows the edge area of a sericite
lamella on a single layer of sericite structure. The lattice fringes show the
(110) plane of muscovite, suggesting successful exfoliation of the ser-
icite microplates. These results show that negatively charged sericite
microplates are obtained after the pretreatment and exfoliation of the
raw sericite. The particle size decreases and particle dispersibility in-
creases as well.

3.2. Voltage-Time response

Fig. 2 shows the galvanostatic dependence of the positive voltage on
the MAO time in electrolytes with different concentrations of sericite.
The MAO samples prepared in 0 g/L, 5 g/L, 10 g/L, 15 g/L are denoted
as M, M—5, M—10, and M—15, respectively. At a current density of 10
A/dm?, sericite has a relatively minor influence on the voltage-time
response and the three curves overlap to a large extent. It is common to
separate the MAO process into three stages [51-53]. In stage 1, similar
to conventional anodic oxidation, the voltage goes up sharply to about
370-380 V in the initial 50 s, leading to the formation of the initial oxide
film on the surface of the 2024 Al alloy [54]. At the beginning of stage 2,
the slope of the voltage-time curve decreases after about 50 s suggesting
a barrier effect of the initial oxide films. Gas liberation can be observed
shortly before the start of discharges. The sparks start to emerge and

Fig. 2. Voltage-time response during the MAO process in the constant cur-
rent mode.
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move on the sample. The voltage suddenly increases by ~ 80 V due to
the breakdown of the initial oxide film by the micro-discharge sparks
[31]. The breakdown voltages increase with sericite concentrations in
the electrolytes. This may be due to the deposition of negatively charged
sericite plates on the substrate at the positive voltage. In stage 3, the
voltages continue to rise steadily and slowly. Bright and slow-moving
sparks can be observed from the sample surface with increasing in-
tensity. The electrical resistance increases as the oxide layer becomes
thicker [55]. The surface discharge moves randomly on the surface and
creates different morphologies [56]. The overall trend of the V-T curves
and electrolyte conductivity is not affected by the addition of sericite,
but the voltage improves slightly with sericite concentrations in the
electrolyte. When the sericite concentration increased to 20 g/L or
higher, the dispersibility of sericite in the electrolyte became poor and
the discharge became unstable, causing localized “burning” effect on the
samples. Hence, in our experiments, the highest concentration of sericite
in the electrolyte is 15 g/L.

3.3. Morphology and phase composition of the coatings

The influence of sericite on the composition and microstructure of
the MAO coatings is evaluated. The phases of the MAO coatings are
shown in the GIXRD patterns (Fig. 3a). The broad peak between 26 of
20°~35° indicates the amorphous phases of alumina and aluminum
phosphate [31]. For crystalline alumina, the peaks at 19.5°, 31.9°, 37.5°,
39.5° 45.7° and 66.9° originate from y-Al;O3 (alumina, JCPDS NO.
10-0425), and the peaks at 25.6°, 35.1°, 37.8°, and 61.4° refer to
a-Al;03 (alumina, JCPDS NO. 46-1212). The weak peaks at 20.1°, 21.5°,
and 22.8° are associated with AIPO4 (aluminum phosphate, JSPDS NO.
50-0303), which is generated by the side reactions between the hy-
drolysate of (NaPOs)s and AI®" anions [57]. The diffraction peak at
26.5° provides evidence of sericite (JSPDS NO. 47-1144) in the coatings.
Fig. 3(b) shows the elemental concentrations of the MAO coatings pre-
pared in electrolytes with different concentrations of sericite. The MAO
coating with no sericite contains O, Mg, Al, and P, whereas the sericite-
incorporated MAO coatings consist of O, Mg, Al, P, and Si. The atomic
concentrations of Si increase with sericite concentration. M—15 pos-
sesses the largest Si concentration of 2.14% with an Al/Si ratio of ~
14:1. The concentrations of Mg and P decrease slightly with the addition
of sericite.

Fig. 3(c-f) exhibit the SEM images of the coatings prepared with
different electrolytes. All the samples have the typical porous and rough
microstructure and even some micro-cracks on the surface. The micro-
pores are created by molten oxide and gas bubbles emitted from the
micro-arc discharge channels [58], whereas micro-cracks are formed by
thermal stress due to rapid solidification of molten oxide in the relatively
cool electrolyte [59]. Fig. 3(d-f) show the coatings prepared in Na(POs)e
solutions with 5, 10, 15 g/L sericite microplates. With the help of EDS
mapping of Si, some sericite microplates located in the near-surface
layer of coatings are marked in the insets of Fig. 3(d-f). It can be seen
that part of the microplates tends to be distributed near or in the mi-
cropores, which may be due to the discharge-solidification process that
brings these microplates into the coatings.

Fig. 4 displays the cross-sectional SEM images and EDS maps of the
MAO samples, and there is a wavy interface between the coating and
substrate. As the concentration of sericite increases, the Si element
distribution in the coating gradually changes from being enriched in the
surface layer to being uniformly distributed throughout the coating,
which can be possibly due to the electrophoretic effect of sericite
microplates during MAO treatment. According to characterization re-
sults, it is confirmed that sericite microplates are successfully introduced
and evenly embedded in the MAO coatings. However, the overall
morphology and structure of the coating did not change dramatically
with the addition of sericite. As shown in Table.1, the average coating
thickness increases slightly, and the surface roughness (R,) decreases
slightly as the content of sericite increases. Notably, the Vickers
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Fig. 3. (a) Grazing-incidence X-ray diffraction (GIXRD) spectra; (b) Elemental concentrations of the MAO coatings prepared in electrolytes containing different
concentrations of sericite determined by EDS; (c-f) SEM images showing the surface morphology of the MAO coatings prepared in electrolytes containing (c) 0 g/L,

(d) 5 g/L, (e)10 g/L, and ()15 g/L sericite.

hardness of the MAO coating increases from 520.8 HV to 610.3 HV when
the sericite concentration in electrolyte increases from 0 to 15 g/L,
indicating that the incorporation of sericite improves the mechanical
property of the MAO coating.

3.4. Electrochemical corrosion tests

Fig. 5(a) shows the potentiodynamic polarization (POL) curves of the
samples in 3.5 wt% NaCl. The corrosion potentials (E.,) and corrosion
current densities (i.o) derived from the Tafel region in the cathodic
polarization curves by Tafel extrapolation are listed in Table 2 and Fig. 5
(b), respectively. The polarization curves shift to the left and upward as
the sericite contents increase, indicating more positive corrosion po-
tentials and lower corrosion current densities. E., moves to the noble
side from — 0.571 V to — 0.464 V, and i, continuously decreases from

1.77 x 1078 A * em™2 to 2.93 x 107!% A * cm™2 when the sericite
concentration increases from 0 g/L to 15 g/L. In particular, M—15 shows
the smallest ic,, which is about 2 orders of magnitude lower than that of
M and 4 orders of magnitude lower than that of the 2024 Al substrate.
Generally, more positive E.,, and lower iy, correspond to lower
corrosion rate and better corrosion resistance [37,60]. Therefore, the
corrosion resistance of the MAO coating is improved by the incorpora-
tion of sericite microplates.

Electrochemical impedance spectroscopy is employed to investigate
the corrosion behavior of the samples. Fig. 6(a-c) depict the Nyquist and
bode plots of 2024 Al, M, M—5, M—10, and M—15 after immersion in
3.5 wt% NaCl for 30 min. As shown by the Nyquist plot (Fig. 6a), the
capacitive loop of 2024 Al is significantly enlarged after MAO treatment.
The bode impedance plot (Fig. 6¢) also shows that the impedance
modulus (|Z|) has improved after MAO because the MAO coating
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Fig. 4. Cross-sectional SEM images of the MAO coatings formed in electrolytes containing different concentrations of sericite together with the EDS maps of

different elements.

Table 1
Average thickness, surface roughness (R,) and Vickers hardness (HV, ») of the
MAO coatings prepared in electrolytes with different sericite concentrations.

Sericite concentration 0 5 10 15

(g/L)

Average thickness 16.1 17.8 18.2 18.9
(pm)

R, (pm) 2.70 £ 295+ 2.56 £ 2.08 £

0.11 0.12 0.17 0.10

Vickers hardness 520.8 + 537.6 + 578.5 + 610.3 +

(HVy.5) 52.6 36.9 43.3 43.1

isolates and protects the 2024 Al substrate from the corrosive environ-
ment [61]. Moreover, there is an overall trend that both the diameter of
the capacitive loop and |Z| value increase with increasing amounts of
sericite. Here, the low-frequency impedance at 0.1 Hz (|Z|o.15) is used
to estimate the overall corrosion resistance of the MAO coatings.
Generally, a larger |Z|, 15, indicates better corrosion resistance [61-63]
and the |Z|o.1m; values at 30 min of M, M—5, M—10, and M—15 are

7.101 x 10° Ohm-cm?, 2.559 x 10° Ohm-cm?, 6.07 x 10® Ohm-cm?,
1.116 x 107 Ohm-cm?, respectively, thus indicating that the corrosion
resistance increases with the addition of sericite.

The EIS data are fitted numerically by using equivalent circuits.
Among these circuits, constant phase element (CPE) is used to represent
the non-ideal capacitor as shown below:

which Yy and n are the admittance constant and empirical exponent,
Table 2

Eorrs icorr and f. of different samples in 3.5 wt% NaCl solution calculated from
the polarization curves.

Sample E o (V vs. SCE) icorr (A*em™2) B (V/decade)

2024 —0.615 + 0.015 (1.29 + 0.10) x 10° —0.523 + 0.002
M —0.571 + 0.016 (1.77 + 0.27) x 108 —0.406 + 0.034
M-5 —0.548 + 0.021 (3.19 £ 0.20) x 107 —0.605 £ 0.022
M-10 —0.465 + 0.039 (1.43 £ 0.13) x 107 —0.611 + 0.008
M-15 —0.464 + 0.021 (2.93 + 0.25) x 1010 —0.262 + 0.008

Fig. 5. (a) Potentiodynamic polarization curves of the 2024 substrate and MAO samples after immersion in 3.5 wt% NaCl solution for 30 min; (b) Comparison of the
corrosion potentials (E,,) and corrosion current densities (i.,) calculated from the polarization curves.
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Fig. 6. (a-c) Nyquist and bode plots for the 2024 substrate, M, M—5, M—10, and M—15 after immersion in 3.5 wt% NaCl for 30 min; (d) The |Z|¢,1x; values for 2024
substrate, M, M—5, M—10, M—15 after immersion in 3.5 wt% NaCl for 1, 2, 3, 5 days.

respectively [64,65]. Generally, the higher frequency behavior is related
to the surface film and charge transfer, and the lower frequency
behavior is associated with mass transfer [66-68]. The Nyquist plot and
the frequency-phase angle curve of the 2024 aluminum alloy suggest
two time constants. As shown in Fig. 7(a), an equivalent circuit of R;
(CPEq (R, Wy)) is established to fit the EIS data of the 2024 alloy sample,

Fig. 7. (a, b) Equivalent circuits for fitting the EIS data.

where R, represents the solution resistance, CPEg4 and R, stand for the
capacitance of the electric double layer at the low-frequency area and
charge transfer resistance in the Faradic process, respectively, and Wy
represents the Warburg impedance diffusion process during corrosion.
For these MAO samples, three time constants are observed from the
Nyquist and bode phase angle plots. Based on the previous literatures
[69,70], the equivalent circuit Ry (CPEf (Rpore ((CPEq Rco) (CPEgifr Raif))))
(Fig. 7b) is used to simulate the EIS data of M, M—5, M—10, and M—15
samples. In this model, Ry, CPEg4;, and R remain the same meaning as the
previous ones. CPEy represents the capacitance of the MAO coating and
Rpore stands for the total resistance of pore and defects in the MAO
coating. CPEgy represents the capacitance pertaining to the diffusion
process and R denotes the relevant resistance.

The fitted results of EIS are presented in Tables 3. For all the tested
samples, Rpore increases with the addition of sericite, indicating that
sericite incorporation inhibits the penetration of corrosive media
through MAO coating and improves the barrier effect of the coating. The
decrease in Yy 7 of the samples from M to M—15 may be attributed to the
non-conductive barrier layer formed by sericite microplates. The sig-
nificant improvement of R.; and Ry with sericite addition reflects that
the corrosion reactions at the substrate/electrolyte interface are
retarded, and the decrease of the Yy ¢ and Yy g4y also indicates much
lower corrosion activity of the substrate [37]. The polarization resis-
tance (Ry) is estimated by the sum of Ryre, Rer, and Rgfr. According to our
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Fitted EIS results of different samples after immersion in 3.5 wt% NaCl solution for 0.5 h based on the corresponding equivalent circuit models.

Table 3
2024 Al M

R (Ohm-cm?) 32.06 10.65
Yo ¢ (Ohm2.cm™2.8™) - 4.68 x 10
ng - 0.8741
Rpore (Ohm-cm?) - 393.2
Yo a1 (Ohm2.cm~2.8™) 1.43 x 10°° 1.24 x 10°°
ng 0.2386 0.9101
Rt (Ohm-cm?) 2.11 x 10° 2.07 x 10°
Yo gite (Ohm~2.cm™2.8™) - 9.99 x 107
Ngiff - 0.8125
Rgigr (Ohm-cm?) - 1.23 x 108
Wy(Ss'?) 3.29 x 10 -
x? 4,52 x 10 2.04 x 10

M-5 M-10 M-15
9.26 13.97 16.27

3.66 x 10 3.25 x 10°® 2.27 x 10°®
0.9109 0.9032 0.9067
2.94 x 10° 3.86 x 10° 1.59 x 10*
7.55 x 107 7.72 x 10°® 1.15 x 10°®
0.8836 0.8253 0.8256
1.03 x 10° 9.26 x 10° 5.86 x 10°
3.15 x 10® 1.82 x 10°® 5.01 x 107
0.7825 0.7075 0.7662
4.39 x 10° 1.33 x 107 2.43 x 107
1.67 x 107 3.39 x 10 7.66 x 107

result, the M—15 sample shows the highest R, implying the best
corrosion resistance, which is also consistent with the POL results.

To study the long-term corrosion behavior, EIS is carried out after
exposing all samples to 3.5 wt% NaCl for 1, 2, 3 and 5 days. Fig.S1 shows
the Nyquist and bode plots of all samples after 1, 2, 3, and 5 days of
immersion. The low-frequency impedance modulus (|Z|¢,15,) was used
to evaluate the variation of overall corrosion resistance. As seen from
Fig. 6(d), the |Z|g 1u; decreases with the increase of immersion time,
indicating that the overall corrosion resistance decreases during im-
mersion, which may be due to the diffusion of corrosive media and the
propagation of the corrosion process. However, the addition of sericite
alleviates the deterioration tendency of corrosion resistance with
increasing immersion time. Compared with the M sample, the |Z|g ;5 of
M-5 declines more obviously after 2 days of immersion. However, for

M-10 and M—15, the decline trend of |Z|¢ 15, with immersion time is
obviously slowed down. After 1, 2, 3, and 5 days of immersion, the |
Z|0.11z of M—15 sample was increased by 325.5%, 374.9%, 485.9%, and
881.1%, respectively, compared with that of the M sample. Therefore,
the SIM coating with higher sericite content offers better long-term
corrosion protection.

3.5. Immersion tests

Fig. 8(a) depicts the pictures of the samples after continuous im-
mersion in 3.5 wt% NaCl for 0, 3, 5, 7, and 14 days. After immersion for
3 days, noticeable discoloration and corrosion damage appear from the
2024 substrate. Localized corrosion begins to occur in a relatively small
area on M on the third day and gradually spreads to almost the entire

Fig. 8. (a) Digital pictures taken from the 2024 substrate, M, M—5, M—10, and M—15 after immersion for different time; (b) Confocal laser scanning microscopy
(CLSM) and 3D topography images after immersion for 14 days of the untreated and MAO 2024 Al samples in 3.5 wt% NaCl.
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surface after 14 days. With regard to the samples with sericite, the
corrosion damage decreases compared to M. Localized corrosion is much
less severe on M—5 than M. Slight corrosion damage starts on the 5th
day on M—10 and the corroded area is much smaller than the M—5
sample. After 14 days, the surface on M—15 remains intact and no
visible corrosion damage can be observed.

Fig. 8(b) displays the CLSM and 3D topographic images to assess
micro-area corrosion after immersion for 14 days. As shown in Fig. 8(b),
the 2024 substrate shows an extensively corroded surface that is uneven,
cracked, and covered by corrosion products. Corrosion products and
crater-like pitting observed from the laser and 3D topographic images of
M, M-5, and M—10 decrease after incorporating sericite microplates,
which is consistent with the photos above. M—15 shows no apparent
local corrosion. The average roughness (R,) of samples after corrosion
reveals that with sericite, the surface morphology is smoother.

Fig. 9 shows the microscopic morphology and EDS results of the
sample after immersion in 3.5 wt% NaCl for 14 days. As shown in Fig. 9
(a-b), the surface of M is fully covered by porous and particle-like
corrosion products. Moreover, severe intergranular corrosion appears
from the substrate under the damaged coating. This may be due to
galvanic coupling between the Cu-rich phases (Al,CuMg and Al;Cu) and
matrix, resulting in the preferential dissolution of the copper-depleted
zone along the grain boundaries [4,71]. Corrosion of the substrate
leads to grain rupture and the generation of hydrogen and corrosion
products, which result in localized fracture in the coatings [70,72]. EDS
(Fig. 9¢) reveals that the main corrosion products are oxide or hydroxide

Applied Surface Science 585 (2022) 152693

of aluminum. According to Fig. 9(d) and 9(e), similar cracks and
corrosion products appear from M—5 after immersion, but the number
and size of the cracks are smaller than that of M, indicating that even a
small amount of sericite in the MAO coating can mitigate corrosion. EDS
shows that the Al/O concentration ratio of M—5 is smaller than that of M
also indicative of less corrosion. Compared with M and M—5, the surface
of M—10 is more intact and shows fewer cracks. Although some corro-
sion products can be observed on M—10, the amount is much less than
that on M and M—5. The surface of M—15 is relatively intact without
serious fracture and conspicuous corrosion products, indicating that the
sericite-incorporated coating has mitigated the corrosion of the sub-
strate. As shown in Fig. 9(j) and 9(k), sericite plates exist around the
opening of the micro-pores, thus providing evidence that the sericite
plates might seal the micro-pores to block diffusion of the corrosive
medium.

In order to analyze the internal state of the coatings after immersion
for 2 weeks in 3.5 wt% NaCl, cross-sectional SEM images and EDS maps
are obtained. As shown in Fig. 10(a), the surface of M is damaged by
corrosion and there are deep cracks between the surface and substrate
for passage of the corrosive medium. Fig. 10(b) shows that M—15 has a
relatively intact surface after immersion for 14 days and the Si element is
distributed in the surface area and pores of the coating, implying that
sericite microplates formed a corrosion-resistant barrier in the coating.

Fig. 9. SEM images of M, M—5, M—10, and M—15 with defects after immersion in 3.5 wt% NaCl of 14 days together with the EDS spectra and elemental con-

centrations: (a-c) M, (d-f) M—5, (g-i) M—10, and (j-1) M—15.
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Fig. 10. Cross-sectional SEM images of M and M—15 after immersion in 3.5 wt% NacCl for 14 days and EDS maps of different elements.

3.6. Anti-corrosion mechanism

The main reactions occurring during corrosion of aluminum alloys in
NaCl solution are discussed in literatures [35,73-75]. In the course of
aluminum corrosion, the anodic activity comes from the dissolution of
Al, as shown in (1).

Al > APT 4 3¢ ¢))

Simultaneously, the electrons generated are consumed by the
cathodic reactions, which can be possibly oxygen reduction reaction
(ORR) or hydrogen evolution reaction (HER), as shown in (2) and (3),
respectively.

0, + 2H,0 + 4¢” — 40H 2
3

The free AI>* generated from (1) can easily hydrolyze in solution,
leading to corrosion product formation and local decrease of pH value,
as shown in (4).

2H,0 + 2¢" — H; + 20H™

APT + nH,0 - AIOH),®™ + nH" ,n=1,2,3 4)

The amorphous corrosion product AI(OH)3 can transform to more
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stable hydrate oxide, as shown in (5).

2A1(OH)3 = AlL,O3 + 3H,O 5)

Hence, the surfaces of aluminum or aluminum alloys are covered by
passivating hydroxide or oxide, which produces corrosion resistance in
aqueous solutions, except pitting corrosion in solutions containing ha-
lides such as Cl" [76]. In chloride solutions, ClI” can destroy the passiv-
ation layer to accelerate corrosion of aluminum by reactions (6).

AI(OH); + nCl" — AI(OH)3..Cl, + nOH™ ,n= 1,2, 3 (6)

It has also been reported that Cl” can permeate and break down the
passive oxide film by reacting with aluminum oxide [77-79]. The CI’
ions can also promote the dissolution of Al by coordination, as shown in
.

APt 4 3CI = AICH )

Therefore, Cl” plays a crucial role in the dissolution of surface oxide
and pitting corrosion [77]. The access of Ho0, O, and Cl" to the metallic
interface is a critical factor affecting corrosion of Al and Al alloys.
Furthermore, galvanic effects also have a significant impact on the
corrosion resistance of aluminum alloys. Intermetallic particles and
alloy elements can form local electrochemical cells with the aluminum
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matrix, leading to severe localized attack through pitting in corrosive
media.

In the early stage of corrosion of the M sample, the MAO coating
consisting of aluminum oxide and AlPO4 retards corrosion to a certain
extent. However, as the immersion time increases, the corrosive medium
diffuses through the outer layer via micro-pores and defects to reach the
inner layer and substrate (Fig. 11a). As aforementioned, Cl" migrates
through the oxide film, causing adsorption and ion displacement on the
oxide surface and further inducing undulations at the interface and
structural inhomogeneity on the film side [79]. Based on the continuous
erosion effect of CI, the inner layer in the MAO coating is broken and
corroded, as shown in Fig. 11(b). When the surface of the 2024 substrate
is exposed to the corrosive medium, ionization of aluminum and hy-
drolysis of AI>" take place rapidly [80]. CI" migration and Al dissolution
lead to the formation of Cl-Al islands and hydrogen production at the
oxide/metal interface [81,82]. Therefore, stress buildup occurs by
incorporating Cl into the oxide film and localized corrosion such as
pitting and blister formation beneath the oxide film, finally collapsing
the oxide film [83,84]. Hence, as shown in Fig. 9 and Fig. 10, the M
sample shows large-area cracking and corrosion products after immer-
sion test, indicating a highly corroded surface.

According to the aforementioned corrosion mechanism and anti-
corrosion mechanism of 2D materials in coatings [35,37,38], the anti-
corrosion mechanism of sericite microplates in MAO coating is dis-
cussed. Cracks and micro-pores in the outer layer of the MAO coating
provide pathways for the ingress of corrosive media, leading to caustic
corrosion of the substrate. Due to their large aspect ratio and layered
structure, the well-dispersed sericite microplates can form a barrier
network in MAO coating against the diffusion of corrosive media
(Fig. 11c). The penetration of O, ClI” and H3O is inhibited by the
incorporated sericite microplates, thereby suppressing the cathodic
corrosion reactions at the coating/substrate interface. As the
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concentration of sericite in MAO coating increases, the gaps between
sericite microplates become smaller and the diffusion pathway of cor-
rosive media becomes more tortuous, which leads to a significant
improvement in the corrosion resistance of the coating. Moreover,
different from other 2D materials with good conductivity, such as gra-
phene and MXenes, the non-conductivity of sericite can avoid the risk of
causing galvanic corrosion with the aluminum alloy substrate. The
incorporation of sericite microplates can reduce the ingress of corrosive
media without causing galvanic corrosion, thereby improving the long-
term corrosion resistance of the MAO coating.

3.7. Tribological tests and anti-wear mechanism

The tribological experiments are performed with GCr15 steel balls as
the counterpart at a load of 2 N. Fig. 12(a) depicts the change in the
friction coefficients of the 2024 aluminum alloy and MAO coatings
under dry friction conditions. The friction coefficient of the bare 2024 Al
substrate is between 0.3 and 0.5 and fluctuates wildly. The MAO coat-
ings show relatively stable COFs, which are further reduced by incor-
porating sericite microplates. The COF of M is about 0.6, which is the
largest of all MAO samples. In contrast, the COF of M—5 is reduced to ~
0.5. The average stable COFs of M—10 and M—15 are 0.3 and 0.25,
respectively, smaller than those of M and M—5. The results show that
after the sericite concentration in MAO coating reaches a certain value,
the COF value exhibits a significant decrease, indicating that the sericite
microplates have an excellent lubricating effect in friction.

Fig. 12(b) and (c) show the 2D profiles and 3D morphology of the
wear tracks on the 2024 aluminum alloy and MAO coatings. The 2024 Al
alloy shows severe wear as manifested by deep scratch and small debris
on the wear track. In contrast, the wear tracks on the MAO coatings are
smoother and more indistinct, indicating the suppression of adhesive
wear. For MAO samples, the width and depth of wear tracks decrease

Fig. 11. Schematics illustrating the corrosion mechanism of the MAO coatings (a, b) without and (c) with sericite incorporation.
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Fig. 12. (a) Friction coefficients as a function of time; (b) 2D profile; (c) Confocal laser scanning images and 3D morphologies of the worn surfaces on the 2024
substrate, M, M—5, M—10, and M—15; (d) The wear scars of counterpart balls for 2024 substrate, M, M—5, M—10, and M—15 samples.

with sericite addition. Among them, both the M—10 and M—15 samples
show almost no wear loss of the coating, and the M—15 sample has the
narrowest wear track. Fig. 12(d) shows the wear scars of the ball
counterface. The diameters of the wear scars against samples decrease
from 309 pm to 231 pm following the order from 2024 Al to M—15.
These diameters can approximately correspond to the wear rate of the
steel ball [33]. Therefore, for the M—15 sample, it can be seen that the
wear of sample and counterpart is simultaneously alleviated, and the
friction coefficient is significantly reduced, suggesting improved anti-
wear performance.

To study the anti-wear mechanism of the MAO coatings with and
without sericite microplates, SEM and EDS are employed to characterize
the worn area of M and M—15. As shown in Fig. 13(a-b), worn track on
M exhibits a rough and delaminated morphology, indicating a plasticity-
dominated wear behavior. Micro-cracks are also observed from the
groove of wear track on the M sample, which is the characteristic of
mechanical degradation via fatigue wear mechanism [85]. The EDS
results of Al and Fe indicate that debris and particles fall off from the
GCr15 counterpart under stress during friction, which further worsens
the wear and decreases the anti-wear performance of the coatings
[86,87]. Compared to M, M—15 shows a narrower wear track with a
predominantly polished surface and flat sheet-like regions, indicating
the existence of the tribo-transfer film (Fig. 13 c-d). The EDS result in
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Fig. 13(c) shows that the transfer film region has a high concentration of
Fe, which can be due to the adhesive wear debris of steel ball generated
during the wear process. It is noted that the magnified area of the tribo-
transfer film shows a higher concentration of Si (4.26%) than M—15
without friction, as shown in Fig. 13(c), suggesting that the sericite
microplates also take place in the formation of the tribo-transfer film.
According to the above results, the related mechanism is discussed.
With regard to the M sample, as shown in Fig. 14(a), the outer layer is
partly delaminated by the friction pair under the pressure and shear
stress to form distinct grooves. The exfoliated debris and the contact
area increase during the counterpart movement, leading to a higher
friction coefficient and more serious wear [88]. Meanwhile, the steel
ball counterpart is also peeled off by the MAO coating, leaving traces of
Fe on the wear tracks. The M—15 sample contains the highest concen-
tration of sericite, which possess good self-lubricating property and has
been used as solid lubricants [89,90]. The slip of the (002) lattice planes
and dissociation of the Si-O layer structure provide lubricating effects
during wear. Moreover, as a quasi-2D material, the sericite microplate
with a large specific surface area can facilitate the formation of the tribo-
transfer film (Fig. 14b). At the beginning of the friction process of M—15,
due to the improved hardness of MAO coating, the counterpart ball is
relatively more like to be worn by the coating surface at the micro level
[91,92]. Then the wear debris generated by friction adheres to the wear
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Fig. 13. SEM images of the worn surfaces: (a-b) M and (c-d) M—15 MAO coatings on Al under a load of 2 N under dry friction conditions. The insets show the EDS
maps and spectra of the indicated areas.

Fig. 14. Schematics illustrating the wear mechanism of the MAO coatings (a) without and (b) with sericite incorporation.
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track and forms a surface transfer film under the synergetic effect of
frictional heat and pressure [93]. The tribo-transfer film can reduce the
contact between the counterpart steel balls and MAO coatings, thereby
alleviating the adhesive friction and bringing the friction process into a
stable stage [33,88].

4. Conclusion

In this work, quasi-2D sericite microplates are prepared from natural
sericite and added into the MAO electrolyte of 2024 Al alloy. The
characterization results indicate that sericite microplates are success-
fully incorporated into the MAO coating. The anti-corrosion and anti-
wear properties of the MAO coatings improve with the addition of ser-
icite microplates. The M—15 sample exhibited the highest corrosion
resistance and the lowest wear rate and COF. The enhanced corrosion
resistance stems from the barrier effects of sericite microplates reducing
the intrusion of the corrosive media, and the improved wear perfor-
mance is mainly due to the formation of the tribo-transfer film. Our
findings provide new and valuable information for the design and
fabrication of future anti-corrosion/wear MAO coatings to expand the
industrial applications of Al alloys.
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Supplementary materials

Figure S1. Nyquist, bode-impedance and bode-phase angle plots of (a-c) 2024 Al substrate; (d-f)
M; (g-i) M-5; (j-1) M-10; (m-0) M-15 after immersion in 3.5 wt% NacCl for 1, 2, 3, and 5 days.

Figure S1
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