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ABSTRACT

Micro-arc oxidation (MAO) coatings are recognized for their protective capabilities, yet their inherent porosity
and defects limit broader applications. In this study, we aimed to rectify these limitations and enhance their
performance by integrating hexagonal boron nitride (h-BN) nanoparticles into the MAO coatings. This work
investigates the influence of h-BN concentration on the structure and properties of MAO coatings on 2024
aluminum alloy substrate. The results indicate that h-BN integration diminishes porosity and roughness, while
improving hardness, adhesion, and corrosion and wear resistance. The corrosion current density (Icory) of the
most effective composite coatings is approximately 1% of the 2024 aluminum alloy substrate and 10% of
undoped MAO coatings. Wear tests demonstrate the significant self-lubricating effect of the h-BN distributed in
the coating, with the coefficient of friction (COF) of the most abrasion-resistant coating after h-BN doping being
67% of the undoped coating. During MAO, h-BN is uniformly incorporated into the coatings via diffusion and
electrophoretic migration. The two-dimensional structure of h-BN in the coatings effectively blocks micro-
defects, delays corrosive substance penetration, and enables self-lubrication. Conversely, excessive h-BN con-
centrations can instigate agglomeration and performance degradation. Optimum corrosion resistance is achieved
with an h-BN concentration of 2.5 g/L, while the best wear resistance is attained at 10 g/L. The study suggests
that h-BN-doped MAO coatings present substantial potential for applications necessitating high corrosion and
wear resistance in aluminum alloys.

1. Introduction

method commonly used to prepare hard and adherent ceramic coat-
ings on valve metals to improve corrosion resistance [3]. This method

Due to its low density, high strength-to-weight ratio, good mechan-
ical properties and exceptional formability, the 2024 aluminum alloy is
extensively employed in the aerospace and automotive industries [1].
However, its susceptibility to corrosion and wear hinders its broader
application, particularly in harsh environments. Thus, developing
advanced protective coatings is of paramount importance for enhancing
the corrosion resistance and wear properties of 2024 alloys [2].
Micro-arc oxidation (MAO) which is an efficient and pollution-free
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offers several advantages, including the in situ formation of thick, hard,
and dense coatings with good adhesion to the substrate. However, one of
the main drawbacks of MAO coatings is the presence of defects such as
microporous microcracks, which can compromise their protective abil-
ities [4]. Researchers have investigated various strategies, including
polymer sealing [5], physical vapor deposition (PVD) [6], and electro-
lytic deposition [7] to improve the performance of MAO coatings.
Nevertheless, these approaches often involve high costs and complex
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preparation procedures, limiting their widespread application.

The incorporation of inert inorganic particles into MAO coatings has
emerged as a research focus [8] repair defects and improve compactness
and other properties [9]. For example, ZrO5 [10], SiO2 [11], ZnO [12],
and TiO, [13] particles have been added to the electrolytes used in
MADO. In this regard, two-dimensional (2D) layered materials have been
proposed to minimize corrosion channels [14]. Xi et al. [15] have pre-
pared MAO with two-dimensional sericite microplates to improve the
corrosion and wear resistance of coatings. Chen et al. [16] have added
an appropriate concentration of graphene oxide (GO) to the electrolyte
to reduce the porosity and improve the corrosion resistance of the
coatings. However, two-dimensional materials like GO and MXene are
challenging to use widely due to their high preparation costs. Addi-
tionally, these two-dimensional materials, when doped into the coating
and in contact with the base metal, are prone to galvanic corrosion due
to their good conductivity, thus promoting corrosion and dissolution of
the coating [17].

Hexagonal boron nitride (h-BN) has a melting point of nearly
3000 °C. Nitrogen and boron atoms form a hexagonal lattice that stacks
to generate a crystalline structure [18]. Moreover, the flake structure of
h-BN yields excellent physical barrier effects and self-lubrication [19].
h-BN exhibits good electrical insulation and extremely stable chemical
properties, being insoluble in inorganic acids and water, as well as
non-toxic and environmentally friendly [20]. This paper studies the ef-
fects of h-BN (1 pm) particles on the composition and structure of MAO
coatings. Corrosion tests and friction tests are conducted on the prepared
samples and related mechanisms are discussed.

2. Materials and methods
2.1. Preparation of MAO coatings

The MAO coatings were prepared on the 2024 aluminum alloy (40
mm x 25 mm X 2 mm). The substrate was polished with carbide paper,
cleaned and dried at room temperature. 15 g/L NaySiO3 and 10 g/L
(NaPOs3)e in deionized water were used as the electrolyte. The h-BN
(New Material Technology Ltd., Jiangsu) particles with different particle
sizes and concentrations were mixed into the electrolyte to produce
samples designated as MAO-0, MAO-2.5, MAO-5, MAO-10, MAO-15,
where the number indicates the concentration of hexagonal boron
nitride in the electrolyte. Before the MAO process, the electrolyte was
stirred (1500 rad/min) and sonicated for 30 min to ensure even
dispersion of h-BN flakes.

An 11 kW bipolar micro-arc oxidation power supply (Plasma Tech-
nol. Ltd., Hong Kong) was used for the MAO experiments, with the
sample acting as the anode and a stainless-steel container serving as the
cathode. The power supply output density was a constant positive cur-
rent of 50 mA/cm?. The frequency and duty cycle were set at 200 Hz and
30%, respectively. The MAO process was performed for 10 min for each
sample.

2.2. Composition and structural characterization

Scanning electron microscopy (SEM, Carl Zeiss, SUPRA® 55) and
energy-dispersive X-ray spectroscopy (EDS) were employed to analyze
the morphology, structure, and elemental distribution of the coatings.
The composition was examined using Grazing Incidence X-ray Diffrac-
tion (GIXRD) (Rigaku SmartLab) at a grazing incidence angle of 1° in the
20 range of 10°-90°. The bonding state of h-BN in the coating was
determined in situ by X-ray Photoelectron Spectroscopy (XPS) (Axis
Ultra DLD). The effects of sodium hexametaphosphate and sodium sili-
cate on the zeta potential of h-BN particles in the electrolyte were
evaluated using a nanoparticle analyzer (HORIBA SZ-100Z).
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2.3. Corrosion test

Electrochemical tests were conducted on an electrochemical work-
station (Reference 600+, Gamry) with a standard three-electrode sys-
tem. Potentiodynamic polarization tests were performed from —0.5 V to
0.5V (vs. SCE) at a scanning rate of 1 mV/s after stabilization for 30 min
in 3.5 wt% NaCl. Corrosion current densities (I¢or) and corrosion po-
tentials (Ecory) Were obtained using the Tafel extrapolation method.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted using Gamry Instruments Framework electrochemical test
software, with a frequency range of 0.1-1 x 10° Hz, an AC excitation
signal amplitude of 20 mV, and a test duration of 2400 s. Both Tafel and
EIS tests were repeated at least four times to ensure data reproducibility.
The selection of electrochemical corrosion test parameters and methods
followed those reported in previous work [15].

All samples for the immersion corrosion test were submerged in
simulated seawater (3.5 wt% NaCl) for 14 days. Scanning electron mi-
croscopy (SEM) and 3D optical profilometry (Talysurf CLI 1000) were
used to examine the surface morphology and corrosion products of the
immersed samples.

2.4. Tribological testing

GCr15 steel balls (@ = 6 mm) were employed in ball-on-disk type
tribometer tests (MS ETC3000). The steel balls acted on the surface of
the samples with a load of 2 N and a rate of 200 rad/min, with a friction
radius of 3 mm and a test duration of 10 min. SEM and 3D optical
profilometry (Talysurf CLI 1000) were utilized to investigate the wear
track morphologies.

3. Results and discussion
3.1. Voltage-time response

Fig. 1 presents the voltage evolution during the MAO process. The
voltage applied to the sample rapidly increases to approximately 300 V
within the initial 50 s, corresponding to the anodizing stage where ox-
ides form on the metal surface [21]. Beyond 50 s, the oxide film acts as a
barrier, causing the voltage applied to the substrate to continually in-
crease until the oxide film ultimately breaks down [22]. Notably, the
terminal voltage experiences a slight increase as the h-BN concentration
increases, which represents the maximum difference between the
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Fig. 1. Voltage-time response during the MAO process in the constant cur-
rent mode.
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voltage curves.

3.2. Composition and structure of the coatings

Fig. 2 displays the XRD and XPS spectra of the coatings. The broad
peak between 25.66° and 27.28° in Fig. 2(a) originates from h-BN,
confirming successful doping. As the h-BN concentration in the elec-
trolyte increases, the diffraction peak intensity gradually rises. As
depicted in Fig. 2(b), the peaks at 190.8 eV and 398.4 eV correspond to B
and N, consistent with the XRD results. The B 1s and N 1s spectra are
presented in Fig. 2(c and d) and 2(e-f), respectively. The two peaks at
190.8 eV and 192.5 eV signify B-N and B-O bonds, while B-N and N-H
bonds are confirmed by the peaks at 398.4 eV and 400.4 eV in the N 1s
spectrum. The majority of B and N atoms exist as BN within the MAO
coatings. A minor portion of h-BN decomposes during the MAO
discharge, as evidenced by the formation of new bonds with O and H
[23].

Fig. 3 (a, ¢, e, g, i) display the SEM images of coatings at 30,000 x
magnification. The surfaces of all samples exhibit typical crater topog-
raphy. Extremely high temperatures generated during the discharge
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process cause the alumina and aluminum metal substrates to melt or
even vaporize and erupt outward. The molten mixture cools upon con-
tact with the electrolyte and solidifies into a crater-like shape on the
surface [3]. Fig. 3(c, e, g, i) illustrate the distribution of some h-BN
particles. Fig. 3(b, d, f, h, j) present cross-sectional SEM images of MAO
samples, revealing a wavy interfacial structure. However, the structure
of the coatings does not change significantly after doping with h-BN. The
EDS image of the cross-section demonstrates the distribution of Si and P
in the coatings. Notably, the N and B elements are difficult to detect
accurately with EDS due to their low atomic numbers and low X-ray
emission energies.

Fig. 3(k) depicts the zeta potentials of h-BN in 15 g/L sodium silicate
and 10 g/L sodium phosphate. Sodium silicate and sodium phosphate
are the fundamental electrolyte components of this experimental sys-
tem. As inorganic dispersants, sodium silicate and sodium phosphate
adsorb onto h-BN. Comparatively, sodium phosphate modifies h-BN
more effectively, and the zeta potential of —90 mV increases the
migration efficiency of h-BN to the anode substrate in the electric field
[24]. Sodium phosphate, a charge carrier with a small molecular weight,
easily adsorbs onto particles, playing a role in electrostatic steric

Fig. 2. XRD and XPS spectra of coatings; (a) GIXRD of five samples; (b) Full spectrum of X-ray photoelectron spectra of five samples; (c—f) High-resolution spectra of

Bls and N1s in MAO-2.5 and MAO-15 coatings.
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Fig. 3. SEM images of MAO-0, MAO-2.5, MAO-5, MAO-10, MAO-15. (a), (c), (e), (8), (i) are surface SEM images of samples. (b), (d), (f), (h), (j) are cross-sectional
SEM images and EDS of samples. (k) Schematic diagram of h-BN doping into the coating; (1) Zeta potential of h-BN in different electrolyte compositions.
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hindrance and dispersion. h-BN adsorbs sodium phosphate from the
electrolyte, rendering h-BN negatively charged (Fig. 31). The negatively
charged h-BN moves towards the anode substrate under the electric
field. Furthermore, the hydrodynamic effect of the mechanical stirring
device in the electrolyte also promotes the doping of h-BN into the
coating. Thus, the combined effect of electrophoresis and hydrody-
namics enhances the integration of h-BN and coating.

Fig. 4(a—e) presents the results obtained after processing the surface
SEM images of different samples using Image J software. The red area in
the figure represents the location of pores. Due to the filling effect of h-
BN, the porosity of h-BN-doped samples decreases in comparison to the
porosity of MAO-0. Nonetheless, as indicated in Table 1, an increase in
h-BN concentration results in more intense discharge, leading to a rise in
porosity, thickness, and surface roughness of the sample [25]. In addi-
tion, the Vickers hardness of samples doped with BN is enhanced, with
MAO-10 having the highest hardness. Consequently, the structure and
composition of the sample undergo changes after doping with h-BN. The
subsequent research will investigate the impact of these changes on the
corrosion and wear resistance of the sample.

3.3. Electrochemical corrosion test results

To investigate the effect of different concentrations of h-BN on the
corrosion behavior of coatings, preliminary work was conducted to
examine the influence of h-BN particle size on the corrosion behavior.
Fig. S1 and Table S1 reveal that samples doped with 1 pm h-BN particles
exhibit the best corrosion resistance, regardless of whether the con-
centration of h-BN in the electrolyte is 5 g/L or 10 g/L. Thus, in subse-
quent experiments, 1 pm particles were used, and different
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Table 1
Average film thickness, surface roughness and Vickers hardness (HV ) of each
sample.

Sample Average thickness (pm) RMS (pm) Vickers hardness (HV.»)
MAO-0 11.06 1.41 303 £17
MAO-2.5 12.26 1.48 326 + 23
MAO-5 15.55 1.58 356 + 19
MAO-10 17.98 1.92 412 + 32
MAO-15 19.85 2.23 360 + 27

concentrations of 0, 2.5, 5, 10, and 15 g/L were studied. Fig. 5(a) dis-
plays the Tafel polarization curves for each sample, and Table 2 and
Fig. 5(b) show the corresponding corrosion potential (E¢,) and corro-
sion current density (Icorr). The MAO-2.5 sample displays the largest
displacement on the forward potential in the Tafel curve. According to
the fitted results in Table 2, the sample with the best corrosion resistance
is MAO-2.5, as evidenced by an Icorr of 4.54 x 10~8 A cm™2, which is
approximately 1% of the 2024 aluminum alloy substrate and about 10%
of the undoped h-BN coating [26]. Electrochemical impedance spec-
troscopy (EIS) curves of substrate, MAO-2.5, MAO-5, MAO-10, and
MAO-15 are depicted in Fig. 3(c—e). The impedance modulus (|Z|) of the
MAO-treated samples has been significantly increased in Fig. 3(c). The
low-frequency impedance (|Z|g.1g;) in Fig. 3(c) is commonly used to
evaluate the corrosion properties of the coatings and the MAO-2.5 shows
the best impedance [27]. Fig. 5(e) shows significant differences in the
impedance curves of each sample. The Nyquist curve of the MAO-2.5
sample exhibits the largest radian and the best corrosion resistance,
consistent with the Tafel results. MAO-5 samples have the second-best
corrosion resistance, while MAO-10 and MAO-15 exhibit slightly

Fig. 4. (a—e) Surface pore distribution of samples; (f) Porosity of the samples.
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Fig. 5. (a) Tafel curves of the samples; (b) Ecorr and I o from the polarization curves; (c-d) Bode diagrams; (e) Electrochemical impedance; (f) Equivalent circuit for

the EIS data.

Table 2
Polarization analysis of the coatings after 30min soaking in 3.5 wt% NacCl.

Sample Ecorr (V vs. SCE) Teorr (A-cm™2)
2024 —0.65 2.38 x 107°
MAO-0 —0.53 5.13 x 1077
MAO-2.5 —0.49 4.54 x 1078
MAO-5 —-0.51 1.28 x 1077
MAO-10 —0.55 4.46 x 1077
MAO-15 —0.60 5.52 x 1077

better corrosion resistance than samples without h-BN and substrate, but
still display the worst corrosion resistance among all samples.
The equivalent circuit R (Q (R (QR))) in Fig. 5(f) was used to fit the

EIS data. The polarization resistance (R}) is obtained by summing Reoat
and R, R represents the circuit resistance and electrolyte resistance,
Reoat is the film resistance, R denotes the charge transfer resistance,
Qcoat is the coating capacitance, and Qg represents the double-layer
capacitance [28]. As shown in Table 3, the R, of MAO-2.5 is 100
times larger than that of substrates and MAO-0 and 10 times greater than
that of MAO-10 and MAO-15, providing evidence that MAO-2.5 has the
best corrosion resistance [29] followed by MAO-5. The samples with
smaller R, are MAO-10 and MAO-15, but R;, of these two samples are
still higher than those of the samples without h-BN doping. In compar-
ison, the 2024 substrate has the smallest R, indicating the worst
corrosion resistance. The results of the equivalent circuit fitting are
consistent with the EIS and Tafel results.

Table 3

EIS data fitting results.
Sample R, (Ohm-cm?) Qcoat (Ohm~2.cm~2.87%) m Reoat (Ohm-cm?) Qua ny Ree (Ohm-cm?)
2024 37.37 3.402 x 107° 0.9141 7106 1.197 x 107 0.842 1.332 x 107
MAO-0 15.73 2.792 x 10°® 0.6359 284.2 1.218 x 1077 1 5.514 x 104
MAO-2.5 17.34 3.898 x 1077 0.7593 722.6 8.342 x 108 0.9432 1.134 x 10°°
MAO-5 17.81 2.540 x 1077 0.7731 9970 1.041 x 1077 0.8932 6.637 x 107°
MAO-10 134.9 6.088 x 1077 0.7638 5.075 x 1074 3.194 x 10°° 0.8 1.241 x 10°°
MAO-15 54.78 2.377 x 107® 0.6835 5.53 x 107* 3.212 x 107° 0.936 4.688 x 1074
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3.4. Simulated seawater immersion testing

Fig. 6(a) depicts photographs of each sample after being immersed
continuously in simulated seawater for varying durations. After 3 days,
the bare 2024 aluminum alloy shows evident discoloration and corro-
sion damage. After 14 days, the corroded area on the undoped h-BN
sample and MAO-15 is the largest. Conversely, the surface of MAO-2.5
rarely shows signs of corrosion and peeling. Fig. 6(b) displays the 3D
morphology of 500 pm x 500 pm areas after immersion for 14 days. The
figures reveal protrusions after corrosion, and the roughness RMS in-
dicates that the sample without h-BN has the largest roughness. The
roughness of the corroded area increases gradually with h-BN concen-
tration, and the roughness RMS of MAO-2.5 after immersion is the
smallest, corresponding to only 35% of that of MAO-O0.

Fig. 7 shows SEM images and EDS results of each sample surface after
14 days of immersion. Fig. 7(a—j) show that MAO-0 and MAO-15 are
almost completely covered by flocculent corrosion products, but no
corrosion products are found from MAO-2.5. The amounts of corrosion

Ceramics International 49 (2023) 37475-37485

products increase gradually with h-BN concentration in coatings. Fig. 7
(k) shows the elemental concentrations after immersion. The concen-
tration of N increases with h-BN concentration but those of Al and O
decrease. With the increase of h-BN concentration in electrolyte, h-BN is
easy to form agglomeration on the substrate surface. The potential be-
tween the substrate and electrolyte increases as shown macroscopically
by the voltage increase in Fig. 1. As the voltage goes up, the discharge on
the surface becomes more intense [30], consequently producing thicker
coatings and higher incorporation of h-BN from the electrolyte. Oxida-
tion and melting of the aluminum alloy accelerate [31]. MAO coatings
grow outward from the substrate. The closer to the coating surface, the
Al element and Al;O3 from the substrate decrease, and the atomic
concentrations of Al and O elements decrease.

The corrosion process of the aluminum alloy in the NaCl solution can
be divided into the anode reaction and cathode reaction [32]. The
anodic reaction involves the dissolution of aluminum to form aluminum
ions and electrons (Eq. (1)) and aluminum ions hydrolyze in the solution
to form corrosion products as shown by Eq. (2):

Fig. 6. (a) Snapshots from the 2024 substrate, MAO-0, MAO-2.5, MAO-5, MAO-10, MAO-15 during soaking; (b) 3D topography images of each sample after 14 days

of immersion.
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Fig. 7. (a—j) SEM images of each sample surface after 14 days of immersion, where figures (b), (d), (f), (h), (j) are enlarged views of the white box area in the figure
(a), (), (e), (), (i); (k) The thickness of each coating before immersion corrosion and histogram of element concentration on sample surface after immersion.

Al - AT 4 3™ M
AP* 4+ nH,0 - AIOH)$™ + nH*, n =1, 2, and 3. (2)

The electrons generated in reaction (1) participate in the cathode
reaction which is mainly a hydrogen evolution reaction. As shown in Eq.

3):
2H,0 + 2¢"— H, + 20H™ 3

The corrosion products formed in reaction (2) can be converted into
more stable oxides, as shown in Eq. (4):

2AI(OH); - ALO; + 3H,0 (@)

Therefore, AI(OH)3 and Al;O3 cover the surface to form a passivation
layer. However, Cl~ can destroy the passivation layer via reactions (5),
(6), and (7):

Al(OH); + CI~ — AI(OH),Cl + OH~ 5)
Al(OH),Cl + CI~ — AI(OH)Cl, + OH™ (6)
AI(OH)Cl, + C1~ — AICI; + OH™ )

H™ in the solution reacts with A:
2Al + 6HCI1 — 2AICI; + 3H, (8)

The corrosion product AICl; undergoes hydrolysis again as shown in
Eq. (2). Therefore, in the presence of Cl™, the reactions are cyclical
leading to continuous corrosion of aluminum. In particular, there is a
difference in ion concentration between the pitting pit and the external
solution, resulting in strong acidity in the pitting pit, which makes the
corrosion of the passivation layer more serious [33].

3.5. Friction and wear test

Fig. 8(a) shows the trend of friction coefficient of different samples

over time under dry friction conditions. The COF of the MAO-0 of about
0.6 is the largest among all samples. The COFs of MAO-2.5 and MAO-5
decrease to 0.5 and 0.45 respectively and a minimum of 0.4 is observed
from MAO-10. When the concentration of h-BN is increased to 15 g/L,
the COF of the sample goes up to about 0.6. Fig. 8(b) shows the 2D
profiles of the abrasion marks. MAO-10 shows the smallest abrasion
depth and MAO-0 the deepest. Table 4 compares the wear rates and
MAO-10 has the smallest wear rate, which is 60% of that of MAO-2.5
and MAO-5. Fig. 8(c—q) shows the SEM and 3D images of the scratch.
After samples are worn, the wear scar appears flaky and shows a ten-
dency to delaminate. The MAO-0 and MAO-15 samples exhibit the
largest peeling tendency, whereas MAO-5 and MAO-10 are less likely to
come off.

3.6. Mechanism of action of h-BN

Fig. 9(a—c) depict the corrosion and wear behavior of coatings doped
with h-BN. Without h-BN (Fig. 9(a)), corrosive media penetrates mi-
cropores and defects, causing damage to the substrate [34]. However,
due to its large lateral and axial size ratio and layered structure, h-BN
acts as an effective physical barrier, sealing micropores and cracks and
making it difficult for corrosive media to diffuse (Fig. 9(b)). The insu-
lating nature of h-BN also mitigates galvanic corrosion of aluminum,
while its self-lubricating properties result in smaller COF in tribological
tests [35]. Additionally, the large specific surface area of h-BN reduces
contact between the steel ball and MAO coatings, as seen in Fig. 9(c)
[36].

Nevertheless, the combination of h-BN with the coating does not
always lead to improved performance. In this study, MAO-2.5 and MAO-
10 MAO-2.5 and MAO-10 correspond to the lowest surface porosity and
the highest Vickers hardness, and exhibit the best corrosion resistance
and wear resistance, respectively. However, further increasing the
concentration of h-BN led to a decrease in coating performance. For
instance, increasing h-BN concentration resulted in greater surface
porosity and lower Vickers hardness, as seen in Fig. 4 and Table 1,
reducing the coating’s corrosion and wear resistance. During MAO
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Fig. 8. (a) The trend of friction coefficient of different samples over time; (b) 2D profile; (c-q) SEM and 3D profile of sample wear scar, where figures (d), (g), (j), (m),

(p) are enlarged views of the white box area in the figure (c), (f), (i), (1), (0).

Table 4
Wear rates of different samples calculated from the friction test.
Sample MAO-0 MAO-2.5 MAO-5 MAO-10 MAO-15
Wear rate 1.29 x 7.17 x 7.11 x 4.30 x 1.00 x
(mm®/Nm) 10°? 104 10* 10* 1073

discharge, h-BN adsorbs onto the substrate, leading to more intense
discharges and creating more discharge channels and microcracks.
While a small amount of h-BN can block micro-defects and reduce
corrosion, excessive h-BN concentration creates agglomerations that
disrupt ceramic coating compactness, increase coating defects, and lead
to spalling and higher friction coefficients [25,37]. Moreover, electro-
phoresis and hydrodynamic forces are not sufficient to evenly distribute

high concentrations of h-BN, exacerbating agglomeration formation.
4. Conclusion

Hexagonal boron nitride (h-BN)-doped coatings are fabricated on
aluminum via MAO, and their structure, phase composition, corrosion
resistance, and tribological properties are investigated. The character-
ization results reveal that the incorporation of h-BN into MAO coatings
significantly improved their corrosion and wear resistance. The incor-
poration of h-BN into MAO coatings significantly improved their
corrosion and wear resistance. The best corrosion resistance was
observed in coatings with h-BN concentrations of 2.5 g/L, while the best
wear resistance was observed in coatings with h-BN concentrations of
10 g/L. However, increasing the h-BN concentration further deterio-
rated the coating’s performance due to the formation of agglomerated h-
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Fig. 9. (a—c) The corrosion and wear behavior of coatings after doping h-BN.

BN, which destroyed the compactness of the ceramic coating and
increased coating defects, resulting in higher friction coefficients. The
physical barrier and insulating properties of h-BN played a crucial role in
improving the corrosion and wear resistance of the MAO coatings. Our
findings provide important insights into the design and development of
new and improved MAO coatings for applications of aluminum alloys in
harsh environment.
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Table.S1. Ecor and Ieorr of the different samples derived from the Tafel curves.

Sample Ecorr (V vs. SCE) Leorr (A-cm™2)
2024 -0.63 1.21x106
0g/L -0.53 6.40x107
100nm-5g/L -0.61 4.14x107
lum-5g/L -0.51 1.28x107
3~5um-5g/L -0.56 2.52x107
100nm-10g/L -0.59 8.42x107
1um-10g/L -0.55 4.46x107
3~5um-10g/L -0.60 5.12x107

Fig. S1. (a) Tafel curve of samples prepared with three different particle sizes and the same concentration (5
g/L) of h-BN; (b) Corresponds to the Ecorr and Leorr of each sample in (a); (c) Tafel curve of samples prepared
from 2024 substrate and electrolyte with three different particle sizes and the same concentration (10g/L) of

h-BN; (d) Corresponds to the Ecorr and Icorr of €ach sample in (¢).



Figures S1(a) and (c) show the potentiodynamic polarization (POL) curves of samples
prepared with three particle sizes of h-BN. h-BN particles with different sizes and
concentrations were mixed into the electrolyte and the samples were labeled as 0g/L, 100nm-
5¢/L, 100nm-10g/L, 1pum-5g/L, 1um-10g/L, 3~5um-5g/L, and 3~5um-10g/L, where 100nm,
Ium, and 3~5um represent the h-BN particle size and 0g/L and 5g/L represent the h-BN
concentration. Table S1 lists the Ecorr and lcorr of the Tafel curve. Figure S1(a) shows that the
Tafel curves of the samples prepared with the same h-BN concentration (5 g/L) shift to the left.
Among the three particle sizes, the curve of the 1um-5g/L sample exhibits the largest positive
and left shift, whereas Ecor s the largest and Icorr is the smallest. According to the fitted data,
Leorr Of the base treated by MAO decreases from 1.21 x 10° A - cm™ to 6.4 x 107 A-cm™ and
the corrosion potentials increase from -0.63 V to -0.53 V. When 5 g/L h-BN is added to the
electrolyte, the coating doped with 1 um particles shows the best corrosion resistance among
the 100 nm, 1 pm, and 3~5 um particle size samples. lcorr 0f the 1um-5g/L sample is about 10%
of the aluminum substrate and corresponds to 20% of the undoped h-BN sample. Figs. S1(c)
and (d) show that the curve of the 1pm-10g/L sample still shows the largest positive and left
shift as well as the biggest Ecorr and smallest Icorr. Table 1 shows that leorr of the 1pum-10g/L
sample is 4.46 x 107 A-cm™. Fig. S1 and Table 1 indicate that for concentrations of 5 g/L or 10
g/L, the coating prepared with 1 pm h-BN has better anti-corrosion capability than the other
three samples. Moreover, the improvement in the corrosion resistance observed from samples

with 10 g/L h-BN is smaller than that of the sample prepared with 5 g/L. h-BN.



Fig. S2. (a-c) Nyquist and bode plots doped with samples of different particle sizes and concentrations of h-

BN; (d) Equivalent circuit for the EIS data.

Table. S2. EIS data fitting results.

Rs Qcoat (Ohm Reoat(Ohm-c Rt
Sample ny Qui ny

(Ohm-cm?) 2.cm2-S™) m?) (Ohm-cm?)
2024 37.37 3.402x107 0.9141 7106 1.197x10* 0.842 1.332x10%
Og/L 15.73 2.79x10°¢ 0.6359 284.2 1.218x107 1 5.514x104
Ium-5g/L 7.81x107¢ 2.54x107 0.7731 9970 1.041x107  0.8932 6.637x10°
1pum-10g/L 134.9 6.088x107 0.7638  5.075x10* 3.194x10¢ 0.8 1.241x10°
100nm-5g/L 77.25 2.453x10¢ 0.7827 2613 4.065x107  0.7291 6.213x10°
100nm-10g/L 26.27 9.839x107 0.5838 1.105x10° 1.524x10°  0.7687 2.741x10%
3~5um-5g/L 573.8 7.135x107 0.7442  8.605x10* 5.057x107  0.8637 5.573x10°
3~5um-10g/L 29.29 1.881x10¢ 0.6825  5.517x104 8.078x10¢ 0.8 5.573x104




Sample 1pm-5g/L shows the highest impedance (0.1Hz) as shown in Figure S2(a) and the
Nyquist plot (Fig. S2¢) discloses. The radian of the 1um-5g/L sample is the largest. The anti-
corrosion capability of the samples prepared by adding 5 g/L h-BN is better than that of samples
prepared with 10 g/L h-BN. The anti-corrosion capability of the 10 g/L concentration samples
is poor but is still slightly better than that of samples without h-BN and better than that of the
2024 substrate. Fig. S2(d) depicts the equivalent circuit, where R is the circuit resistance and
electrolyte resistance, Reoat is the film resistance, Re: is the charge transfer resistance, Qcoat 18
the coating capacitance, and Qqi is the double-layer capacitance. The polarization resistance (Rp)
is obtained by summing Rcoat and Re. According to Table. S2, the 1pum-5g/L sample has the
largest R, and the best corrosion resistance at 5 g/L concentration. At a concentration of 10 g/L,
the 1um-10g/L sample shows the largest R, and best corrosion resistance. R, of the samples
prepared at 5 g/L concentrations h-BN with three particle sizes is greater than that of samples
prepared with 10 g/L h-BN. Therefore, in a follow-up experiment to explore the effect of h-BN

on corrosion resistance, a particle size of 1 um is selected and the concentration is about 5 g/L.
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