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A B S T R A C T

Aluminum (Al) alloys have been widely used in semiconductor equipment due to their excellent high specific 
strength and machinable property. However, the strong electronegativity and high surface charge density in the 
fluorine environment of process manufacturing tend to result in its poor corrosion resistance performance. 
Addressing the brittle behavior of fluorides due to strong ionic bonding and the corrosion attack mechanism 
triggered by the special electronic structure properties of fluoride ions remains a challenge. Studies have indi
cated that rare earth yttrium (Y) can enhance the fluorine corrosion resistance of ceramic coatings by modifying 
the fluoride passivation layer structure. In this work, we demonstrate a new strategy for developing high-quality 
yttrium assisted fluorine corrosion resistant novel coating in situ on aluminum alloy (6061) by two-step micro- 
arc oxidation (MAO) process. The coatings maintain sustainable corrosion protection and excellent wear resis
tance performance after 28 days immersion in 0.1 mol/L NaF solution. The results show that the loading of 
yttrium leads to effectively mitigating the fatal microcracks on the surface by inhibiting the growth of oxygen 
vacancies in the coatings, and promotes the formation of small sized structures. The stronger and more robust Al- 
O covalent network structure provides better physical barrier effect and reduces the strong penetration intrusion 
of small radius fluoride ions. Density-functional theory (DFT) calculations show that matching affinity kosmo
trope fluoride ions on the atomic level significantly reduce the adsorption effect on the coating surface. More
over, yttrium can improve the interfacial dislocation effect of low fracture toughness fluoride reaction film, and 
effectively inhibit the crack extension of corrosion products as well as promote the stability of corrosion inter
facial interaction.

1. Introduction

The 6061 aluminum alloy is widely used in aerospace, automotive 
manufacturing, semiconductor equipment, and other fields due to its 
high strength-to-weight ratio, good corrosion resistance and excellent 
ductility [1,2]. Highly corrosive fluorine compounds are often used in 
semiconductor manufacturing processes and machine failures due to 
friction and wear are quite common [3–5]. In front-end and back-end 
processes, the surfaces of semiconductor equipment are frequently 
exposed to highly fluorine-corrosive environments and inevitably come 
into contact with moving parts (e.g. gears, bearings) that create relative 
motion, which accelerates the wear and tear of the material [6]. Fluoride 
ions have a small ionic radius and strong chemical permeability, easy to 
penetrate the medium channel directly to the surface of the protected 

object forming corrosion. As the integration of semiconductor circuits 
increases, device equipment becomes more susceptible to defects and 
damage, which seriously undermines its long-term security and brings 
tremendous economic losses. Surface modification techniques offer 
promising solutions to improve their resistance to fluorine corrosion, 
wear and particle shedding [7].

Understanding the corrosion behavior and failure mechanisms 
within fluoride corrosion is important for developing strategies to 
mitigate corrosion issues. Fluoride often presents differentiated passiv
ation breakdown behavior from other halide anions [8]. The strong af
finity of fluoride ions stems from their high electronegativity, which 
exhibits a ‘depolarization reaction’ that disrupts the deceleration pro
cess of the electrode reaction and reacts with the oxide film to form 
halogen salts under strong permeability [9]. Among the halides, small 
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volume fluoride ions have the highest surface charge density and 
demonstrate the ability to bind surrounding water molecules more 
strongly than water itself due to hydrogen bonding effects, known as 
‘kosmotropes’. The Hofmeister lyotropic sequence separates halides into 
chaotropes (Cl-, Br-, I-) as well as the unique kosmotropes (F-) [10]. This 
means that fluoride ions follow the law of matching affinities, where 
oppositely charged and well hydrated ions are more inclined to attract 
aggregates and bind to form contact ion pairs [11]. Meanwhile, the 
strong ion bonds determine that the brittleness is inherent property of 
the fluoride reaction layer [12]. Special electronic structure properties 
may allow corrosion behavior in fluorine environments to exhibit sig
nificant differences in attack mechanisms. Zhang et al. [13] have re
ported that the concentration of fluoride ions in solution and pH affect 
the passivation process of titanium alloys in a fluorine environment. 
However, the mechanism of fluorine corrosion is still unclear.

Micro arc oxidation (MAO) is often used to generate protective 
ceramic oxide coatings in situ on valve metals to improve the corrosion 
and wear resistance of aluminum alloys [14–17]. However, unavoidable 
micropores and microcracks in the coatings form open channels for the 
permeation of the corrosive medium [18–20]. Rare earth elements show 
favorable effects pertaining to grain boundary pinning and grain 
refinement in ceramic materials [21,22]. Dong et al. [23] have intro
duced rare-earth elements into high-entropy monociliate coatings to 
generate more garnet phases and denser layers interspersed with apatite 
and garnet, resulting in limited penetration of CMAS and improved 
corrosion resistance. Chen et al. [24] have synthesized HE-RE2Sn2O7 
ceramic materials with excellent chemical stability by incorporating 
rare earth elements with different cation radii and masses to achieve 
lattice distortion, enhance the asymmetry of the structural units, and 
change the electric dipole moment. Yttrium (Y) is a heavy rare earth 
element with a small ionic radius, high electrical conductivity, and high 
ionic activity [25,26]. Ma et al. [27] have refined the grains by adding Al 
and Y to the Mg-14Li alloy which shows altered MAO growth and thicker 
coatings with fewer defects. In addition, the yttrium aluminum oxide 
YxAlyOz structure has been shown to have better resistance to fluorine 
attack behavior caused by the formation of stronger Y-F bonds than Al-F 
bonds after surface fluorination [12]. Therefore, combining MAO with 
yttrium is expected to generate new exceptional fluorine corrosion 
resistance functions and properties. Coating growth is closely related to 
yttrium in the plasma discharge, which is attributed to yttrium salts 
causing rapid precipitation that affects the stability of the plasma 
discharge, as well as excess yttrium lowering the overall resistance of the 
system and making it difficult to reach the threshold for partial 
discharge leading to growth failure.

This paper aims to design and fabricate yttrium-doped fluorine 
resistant corrosion coatings on 6061 aluminum alloys in mixed phos
phate/silicate solutions with controlled yttrium concentrations by two- 
step MAO process. Yttrium doping affects the plasma discharge of the 
coating, reducing its oxygen vacancies and band gap width, decreasing 
the effectiveness of kosmotropes fluorine adsorption and reducing 
brittle defects by forming yttrium aluminum oxide structures in fluoride 
reactive films. The composition, microstructure, corrosion resistance, 
and wear resistance of the coatings are determined systematically, and 
the fluorine resistance and mechanism are investigated combined with 
DFT calculations, with the results providing insights into achieving high 
durability of aluminum alloy coatings for fields of concern with fluorine 
corrosive environments.

2. Experimental and calculation details

2.1. Materials

The 6061 aluminum alloy sheet (chemical composition wt%: Si 0.65 
%, Fe 0.51 %, Cu 0.24 %, Mn 0.13 %, Mg 1.06 %, Cr 0.11 %, Zn 0.07 %, 
Ti 0.029 %, and Al balance) purchased from Zhengzhou Mingtai 
Aluminum Co., Ltd. (Zhengzhou, China) was machined into shapes with 

dimensions of 40 × 25 × 2 mm3. Sodium hexametaphosphate ((NaPO3)6 
and molecular weight of 611.77), sodium silicate hydrate 
(Na2SiO3⋅9H2O and molecular weight of 284.2), and sodium fluoride 
(NaF and molecular weight of 41.9) were purchased from Sinopharm 
Chemical Reagent Corporation (Shanghai, China). Yttrium nitrate (Y 
(NO3)3⋅6H2O and molecular weight of 383.01) was purchased from 
Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China). 
Homemade deionized water was used, and the reagents were analytical 
grade.

2.2. Sample preparation

The Al alloy samples were progressively polished with silicon carbide 
sandpaper (800, 1200, and 2000 grit), degreased ultrasonically in 
alcohol for 10 mins, and dried in air. Micro-arc oxidation was conducted 
using the AC bipolar 11 KW micro-arc oxidation power supply (DOP-B, 
Plasma Technology Ltd., China). During MAO, the pulse frequency, 
positive/negative duty cycle, and deposition time were 600 Hz, 20 %, 
and 11 mins. The anode was an aluminum alloy, and the cathode was the 
stainless-steel electrolytic bath. MAO was conducted in the constant 
current mode with a forward current of 1 A/dm2 in two stages, pre
treatment in the electrolyte composed of 35 g/L (NaPO3)6 and 4 g/L 
Na2SiO3 for 210 s to form the passivation oxide and then in electrolytes 
containing 35 g/L (NaPO3)6, 4 g/L Na2SiO3, and different concentra
tions of Y(NO3)3 (0, 1.5, 2.0, 2.5, and 3.0 mol%/L) for 450 s (samples 
designated as Al/MAO-0/1.5/2.0/2.5/3.0 mol%/L, respectively). The 
temperature was kept at 25 ◦C by circulation. After MAO, the samples 
were rinsed with deionized water and dried naturally.

2.3. Characterization

The surface morphology and elemental composition were charac
terized by field-emission scanning electron microscopy (SEM, SU8200) 
and energy-dispersive X-ray spectroscopy (EDS, X-Max20) after thin Au 
films were deposited on the sample to alleviate charging. The micro
structure and composition of the coatings and corrosion products were 
determined by high-resolution transmission electron microscopy (HR- 
TEM, JEM-3200FS, JEOL), grazing-incidence X-ray diffraction (GIXRD, 
Smartlab with Cu Kα X-ray) in steps of 0.02◦ in the 2θ range from 10◦ to 
85◦, and X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
Thermo Fisher Scientific, USA) referenced to the C 1 s peak at 284.8 eV 
and fitted by the Advantage software. The porosity was calculated by the 
Image J software for separate tests, and the DDS-11A (Shanghai, China) 
was used to measure the conductivity of the electrolytes. Each test was 
conducted on three samples/locations to improve the statistics.

2.4. Wear resistance evaluation

The wear test was carried out before and after immersion in 0.1 mol/ 
L sodium fluoride at room temperature and relative humidity of 25 ±
3 ◦C and 50 ± 3 % RH in the rotational mode using the ball-on-disk 
tribometer (UMT-Tribolab, Bruker). The friction pairs were aluminum 
oxide (ball diameter of 6 mm) and the Al, Al/MAO, and Al/MAO-Y 
samples. The dry friction test was conducted in a dry environment at 
an average speed of 200 rpm at a load of 2 N for 30 mins and a wear 
radius of 5 mm. The wear tracks and wear areas were observed by three- 
dimensional optical profilometry (RTEC UP Dual Mode, USA). All the 
tests were conducted thrice (n = 3) to generate averages. After testing, 
the samples were characterized by SEM and EDS, and the wear rates 
were derived by Eq. (1) [28]: 

W =
V

S • F
=

2πRA
S • F

, (1) 

where R (mm), A (mm2), S (m), and F (N) are the wear radius, wear area, 
wear distance, and load, respectively.
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2.5. Corrosion resistance assessment

Electrochemical tests were carried out with the Gamry Framework 
software on the electrochemical workstation (Gamry, Reference 600+, 
USA) with the conventional three-electrode cell comprising samples 
connected as the working electrode, saturated calomel electrode (SCE) 
connected as the reference electrode, and platinum plate connected as 
the counter electrode in a Faraday cage. The open circuit potential 
(OCP), potentiodynamic polarization (PDP), and electrochemical 
impedance spectroscopy (EIS) tests were carried out in 50 ml of 0.1 mol/ 
L sodium fluoride using an exposed area of 1 cm2. Before the electro
chemical tests, the specimens were immersed in the solution for at least 
30 min to establish a stable OCP. PDP tests were performed from − 500 
mV to + 500 mV (vs. Eocp) at a scanning rate of 1 mV/s. The corrosion 
potentials (Ecorr) and current densities (icorr) were obtained by Tafel 
extrapolation. Electrochemical impedance spectroscopy was performed 
in 0.1 mol/L sodium fluoride for 12, 24, 48, and 72 h from 100 mHz to 
100 kHz with 15 mV sinusoidal perturbation. The EIS spectra were 
analyzed by the Gamry Echem Analyst and the most appropriate 
equivalent circuit (EC) model was derived. The samples were immersed 
in 0.1 mol/L sodium fluoride solution for a total of 28 days and were 
observed on the 3rd, 7th, 18th, 24th, and 28th days. All micro-arc 
oxidized samples were sealed with epoxy resin at the contact point 
with the connected power source prior to immersion testing, preventing 
corrosion and diffusion from occurring preferentially in this area. Sur
face morphology and elemental composition of specimens corroded by 
immersion for 28th days were characterized by SEM and EDS. All the 
electrochemical and immersion tests were performed at room temper
ature and three samples were analyzed to generate averages.

2.6. First-principles calculations

First-principles calculations were performed using the density- 
functional semi-core pseudopotential method implemented in the 
DMol3 package [29]. The general gradient approximation (GGA) of the 
Predew-Burke-Ernzerhof (PBE) formula was used for the exchan
ge–correlation function, with a customized approach from Grimme to 
account for dispersion effects considering the spin-polarization effects 
[30,31]. The optimization process continued until the self-consistent 
field (SCF) convergence tolerance, atomic force, maximum displace
ment, and total energy were reduced to less than 1 × 10-6 Ha, 2 × 10-3 

Ha/Å, 5 × 10-3 Å and 1 × 10-5 Ha/atom, respectively. The bulk and 
surface model of α-Al2O3 was developed with optimized Al2O3 cells (a =
b = 4.80503 Å). To avoid layer-to-layer interactions under periodic 
boundary conditions, a vacuum layer above 10 Å was added and a 3 × 3 
× 1 k-mesh was used. The structure was fully optimized to achieve 
stability before the next calculation.

In the process of the coating growth, the electrical conductivity of the 
coating and the degree of oxidation play a significant role in the 
discharge. We replaced the same position of Al with Y and the same 
position of oxygen vacancies were also taken into account to jointly 
measure the effect of coating properties on the discharge characteristics. 
The crystal structure models with and without Y-substitution were YAlO 
and AlO (without oxygen vacancies) and YAlO/Ovac and AlO/Ovac (with 
oxygen vacancies). The elastic modulus was calculated by the constant 
strain mode to illustrate the wear properties. During the corrosion 
process, F- adsorbed onto the coating surface to destroy it gradually, 
which is an accumulation of temporal factors. Reducing the frequency of 
contact between F- and the coating is considered to be one of the 
important means of corrosion resistance. Hence, a surface adsorption 
model in solution environment was constructed to assess the adsorption 
stability of F- under simulated experimental conditions. The solvation 
model was employed to simulate the aqueous environment, in which 
78.54 was the water dielectric constant. In order to avoid surface in
teractions from charge aggregation, a dipole slab correction was applied. 
The atom type symbol Xn

p shows the element (X = Al, O, Y), the number 

of surface layers (p = 1, 2, 3, 4), and the positions of the atoms in the 
region (n = 1, 2, 3, 4, 5, 6). Refer to Supporting Material Fig. S5 for the 
precise location of the atomic layer symbols.

The adsorption energy (Eads) of F- on clean surfaces corresponds to 
the structure and the stability of adsorption is calculated by Eq. (2) [32]: 

Eads = Esubstrate/F− − Esubstrate − EF− , (2) 

where Esubstrate/F− , Esubstrate, and EF− are the energies of the system, sub
strate, and fluoride ions. The oxygen vacancy formation energy (EOvac ) 
indicating the energy required for the formation of oxygen vacancies 
during growth was calculated by Eq. (3) [33]: 

EOvac = EYxAl2− xO3− y +
1
2
EO2 − EYxAl2− xO3 , (3) 

where EYxAl2− xO3− y , EO2 , and EYxAl2− xO3 are the energies of the system with 
an oxygen vacancy, gaseous O2, and pure system without vacancies. The 
charge groups, bond length, and density of state (DOS) were calculated 
to characterize the covalent interactions.

3. Results and discussion

3.1. Plasma discharge characteristics

Fig. 1a shows the discharge voltage versus time curves in electrolytes 
with different Y3+ concentrations divided into three regions. As time 
increases, the build-up of insulating oxides on the surface of the sample 
increases leading to a constant increase in voltage with time. In the 
initial stage 1 (anodic oxidation), the ion current density is an important 
component of the overall current density, and the electric field provides 
an electric potential for the transport of cations and anions in the elec
trolyte. The aluminum alloy is oxidized quickly under the action of the 
electric current, forming a potential barrier (dense passivation layer), 
and the reactive ions in the electrolyte accumulate in the passivation 
layer, causing the anodic voltage to rise sharply [34]. In stage 2 (spark 
discharge stage), the thickness of the oxide film increases gradually. 
When the actual transient voltage reaches the breakdown voltage of the 
insulating dielectric layer, the avalanche current contributes to the 
breakdown of the anode film and the coating begins to discharge. In 
stage 3 (micro-arc discharge stage), the voltage stabilizes. The alkaline 
electrolyte is replaced by the yttrium-containing electrolyte and the 
surface charge of the coating is re-collected. The higher the concentra
tion of yttrium nitrate in the solution, the smaller the slope of the curve, 
as the discharge voltage decreases gradually with Y3+ concentration. 
The final voltages for the 0, 1.5, 2, 2.5, and 3 mol%/L solutions at 660 s 
were 622, 574, 556, 540, and 535 V, respectively, because Y3+ increases 
the conductivity of the electrolyte (Fig. 1b), leading to a decrease in the 
discharge voltage in agreement with the equation by Burger and Wu 
[35].

Fig. 1c depicts the photographs of the transient discharge of Al/ 
MAO-0 mol%/L Y3+ and Al/MAO-2.5 mol%/L Y3+ during MAO at 
different time points. The samples are immersed in the pretreatment 
electrolyte in the time range of 0–180 s. Arcing becomes gradually 
apparent with time, which corresponded to the pattern of voltage dis
tribution and afterward, the electrolyte enters the oxide layer through 
the discharge channels, resulting in a large number of white micro- 
electrical sparks moving rapidly across the sample surface. The distri
bution of sparks in the central region at 180 s is denser on account of the 
fringe effect of the electric field causing the electric power lines on the 
surface to be unevenly distributed in different areas, so the current 
passes through the region with a small bending radius. The growth in the 
edge regions is higher than that in the center region, leading to the 
decomposition of weak alumina at the edge. The micro-discharge 
spreads from the corners and edges to the whole surface and concen
trates in in the central region [36]. The samples are immersed in the 
yttrium-containing electrolyte for 210–660 s. During process II, sparks 
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become more pronounced as the time increased changing from white to 
orange due to the emergence of arcs and the strong gas escape (320 s). As 
time elapses, dielectric breakdown is more frequent, and the gas is 
released rapidly while the arc discharge becomes increasingly violent. 
The distribution of the arc spot changes from sparse to compact, and the 
sparks coalesce into larger sparks to melt wrapping the whole alloy 
gradually. Throughout the process, the arc point continuously moves 
rapidly over time. It is interesting that the Y3+ electrolytes show yellow 
arcs earlier (230 s), but the lifetime and intensity in the central region 
are reduced, showing an orange uniform discharge surface and large 
sparks changing into fine ones.

3.2. Morphology and chemical composition

Fig. 2(a-e) show the SEM images of the samples prepared with 
different Y3+ concentrations, revealing a porous structure with air holes 
and microcracks of different sizes typical of MAO coatings. The forma
tion of micro-cavities is linked to the generation of magma-like molten 
oxides and the ejection of bubbles from the discharge channels. These 
cavities are channels for oxidation, but they are not interconnected [37]. 
The plasma moves along the strong electric field direction and the 
porous structure shrinks after the arc is extinguished to form the typical 
volcano-like features in the MAO coatings [38]. Micro-cracking is 
associated with internal stresses arising from the micro-array plasma 
discharge during rapid solidification.

Fig. 2g shows the average porosity and pore size distribution. The 
average porosity decreases from 3.46 ± 0.2 % (Al/MAO-0 mol%/L Y3+) 
to 1.093 ± 0.12 % (Al/MAO-2.5 mol%/L Y3+). With increasing elec
trolyte conductivity, the energy required for ion migration decreases, 
and then the energy provided by the external power supply was mainly 
used for the coating formation resulting in higher energy efficiency. The 
average pore size decreases from 2.262 ± 0.4 to 1.25 ± 0.18 μm. 
However, if the concentration of Y3+ is high, the porosity increases and 
the standard deviation of the mean pore size becomes higher, with 
greater dispersion of the pore size distribution due to insufficient 
discharge and the inability of the molten oxide to backfill the pores in 
time [39]. Fig. 2(a2) shows the crack in the Al/MAO-0 mol%/L Y3+

ceramic coating, in which the connected cracks become short-circuit 
channels for corrosive ions accelerating the corrosion damage of the 
substrate. By adding Y3+, the cracks become shorter and more isolated 
and scattered, which is positive for the corrosion resistance. The results 
show that Y3+ doping modifies the surface morphology and micropore 
size.

Fig. 2f shows the elemental concentrations of the samples prepared 
with different Y3+ concentrations. Al, O, Si and P are typical elements for 
the preparation of MAO coatings from mixed silicate and phosphate 
electrolytes. The Y concentration increases to 7.71 % (Al/MAO-3.0 mol 
%/L Y3+), but that of Al decreases from 37.42 % to 27.76 %, and that of 
O does not change significantly, confirming that Y replaces Al in the 
lattice. In addition, the cross-sectional SEM and EDS elemental scans 

Fig. 1. Electrolytes with different concentrations of Y3+: (a) Voltage versus time for MAO coatings; (b) Conductivity; and (c) Plasma discharge morphology: Process I 
(pretreatment stage) and Process II (formal treatment stage with different Y3+ concentrations).
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reveal that the coating thickness is increased when the Y3+ concentra
tion is 2.5 mol%/L (Fig. S1).

In order to investigate the chemical composition of the coatings and 
to further demonstrate the doping of Y3+ in the coatings, XPS analyses 
were carried out on the two micro-arc oxidation coatings prepared to 
obtain information on the outermost regions. Fig. 3 shows the survey 
XPS spectra as well as the Al 2p, O 1 s, C 1 s, Y 3d, Si 2p, and P 2p spectra. 
The characteristic peaks of Y 3d indicate that the elemental Y involved in 
the coating reaction into the coatings during MAO process, where the 
elemental C may be derived from the organic matter exposed to the air. 
The binding energy of the Al 2p peak is 73.8 eV (Fig. 3b), indicative of 
Al2O3 [40]. For the high-resolution energy spectra of O 1 s, it can be 
observed that both coatings show aluminum oxide corresponding 
diffraction peaks at 530.8 eV and 530.7 eV (Fig. 3c), the difference is 
that the Y-doped coating shows the Y-O diffraction peaks at 531.7 eV, 
which corresponds to the high-resolution energy spectra of Y 3d [41]. 
The Si 2p spectrum shifts to a higher binding energy after Y doping 
(Fig. 3e). Fig. 3f shows the P 2p spectra revealing binding energies of 
133.18 eV and 133.38 eV, respectively. Ji et al. [42] have investigated P- 
modified MAO aluminum alloy with the AlPO4 phase showing [PO4]3- at 

132.5–135.0 eV, suggesting that P is derived from sodium hexameta
phosphate and present in the form of [PO4]3-, perhaps AlPO4. The Y 3d 
spectra in Fig. 3d show binding energies of 152.7, 157.7, 159.6, and 
160.1 eV. The binding energy of 157.7 eV (3d5/2) is related to Y-O in 
Y2O3 at 156.8 eV, and that of 159.6 eV (3d3/2) corresponds to Y-O in the 
Y(OH)x peak at 159.09 eV [43,44]. The chemical shift (Δ =

EB Y3+
5/2 − EB Y0

5/2) indicates that Y has the trivalent state in the alumina 
coating [45]. The results show that the main phase of Al2O3 is 
substituted with Y.

3.3. Electrochemical evaluation

In order to evaluate the effects of Y doping on the fluorine corrosion 
resistance of MAO coatings, electrochemical tests are performed on the 
substrate and different Y-doped coatings. Table 1 and Fig. 4 show the 
dynamic potential polarization results together with the corresponding 
corrosion currents and corrosion potentials after immersion in 0.1 mol/L 
NaF for 30 mins. Generally, the corrosion current density (icorr) is used as 
a direct indicator of the susceptibility of the materials to corrosion, and 
there is an inverse relationship between icorr and corrosion resistance 

Fig. 2. SEM surface images of MAO coatings with different Y3+ concentrations: (a) 0 mol%/L; (b) 1.5 mol%/L; (c) 2.0 mol%/L; (d) 2.5 mol%/L; (e) 3.0 mol%/L; SEM 
images at high magnification: (a1-e1); Surface cracks at high magnification: (a2-e2); Coatings prepared with different concentrations of Y3+: (f) Elemental atomic 
concentrations; (g) Average pore size and porosity.
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[46]. The corrosion potential (Ecorr) which indicates the chemical sta
bility of the sample in the corrosive medium is combined with icorr to 
analyze the corrosion kinetics. Fig. 4a shows that Ecorr moves in the 
positive direction and icorr moves in the negative direction with 
increasing Y3+ concentrations, indicating that Y doping can retard the 
penetration of fluorine in the corrosive medium to the substrate. A 
smaller icorr represents weaker fluoride ion adsorption and stronger 
corrosion resistance [47]. The pristine 6061 aluminum alloy shows the 
worst corrosion resistance manifested by the smallest corrosion 

potential (− 1.226 V) and the biggest corrosion current (2.53 × 10-5 A/ 
cm2). However, after MAO, the corrosion current density decreases 
significantly and the corrosion potential increases to − 0.824 V, which 
indicates a reduction in the tendency of corrosion initiation due to 
thermodynamics. Ecorr of Al/MAO-2.5 mol%/L Y3+ is 0.784 V and icorr is 
4.49 × 10-9 A/cm2, representing about 6.5 % of the undoped Y3+ and 
0.02 % of the 6061 substrate, suggesting its better fluorine corrosion 
resistance. However, excessively high concentrations cause the corro
sion current to increase. This is attributed to the enhanced coating 
growth facilitated by the addition of appropriate amounts of Y3+. 
However, when the Y3+ content in the solution continued to increase, 
the high conductivity resulted in the breakdown of its anodic passivation 
film becoming difficult and the plasma discharge being inadequate, 
which resulted in the coating’s surface defects increasing and thickness 
decreasing at high concentrations of Y3+ (Fig. S2), showing poor fluorine 
corrosion resistance performance. The results show that the addition of 
Y3+ reduces the pore size and porosity while improving the shielding 
effect and reducing the corrosion current.

The corrosion resistance and protection mechanism are evaluated by 
EIS. Fig. 5 shows the Nyquist and Bode plots of the three specimens after 

Fig. 3. XPS spectra (a) Survey, (b) Al 2p, (c) O 1 s, (d) Y 3d, (e) Si 2p, and (f) P 2p.

Table 1 
Potentiodynamic polarization parameters in 0.1 mol/L NaF.

Sample Icorr (A/cm2) Ecorr (V/SCE)

substrate (2.53 ± 1.21) × 10-5 − 1.226 ± 0.05
0 mol%/L Y3+ (7.25 ± 0.98) × 10-8 − 0.824 ± 0.07
1.5 mol%/L Y3+ (3.17 ± 0.88) × 10-8 − 0.757 ± 0.04
2.0 mol%/L Y3+ (2.07 ± 0.39) × 10-8 − 0.839 ± 0.06
2.5 mol%/L Y3+ (4.49 ± 0.96) × 10-9 − 0.784 ± 0.03
3.0 mol%/L Y3+ (6.03 ± 1.49) × 10-8 − 0.946 ± 0.06

Fig. 4. Electrochemical properties of Al and MAO samples with different Y3+ concentrations: (a) Tafel curves and (b) icorr and Ecorr.
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immersion in NaF for 12, 24, 48, and 72 h. The dots represent the 
experimental data and the solid lines are the fitted data. The capacitance 
radii of different samples in the Nyquist plots show that the Y-doped 
coating has the largest capacitance ring radius for the same immersion 
time. The larger the radius size of the capacitor ring, the stronger the 
resistance to electron exchange and the lower the electron exchange 
capacity. In general, the radius of the capacitance ring is related to the 
corrosion rate, and the Y-doped MAO coatings are more resistant to 
fluorine corrosion, which is consistent with the Tafel curves. For both 
the substrate and Al/MAO-0 mol%/L Y3+ during initial deterioration, 
the rapid decrease of the capacitance ring in the high-frequency region 
indicates that initial corrosion mainly concentrates in the outer layer.

Fig. 5 (a2-c2) and (a3-c3) show the Bode plots of the three samples. 
The impedance module |Z| and phase angle (θ) are plotted as a function 
of frequencies. In the low-frequency region, the module (|Z|) is usually 
positively correlated with the corrosion resistance of the coating [48]. In 
general, the impedance of the samples decreases with immersion time, 
contrary to the aluminum alloy substrate. The impedance of the 
aluminum alloy in the low-frequency region increases gradually with 
immersion time from 0 to 72 h due to the surface passivation film. The 
total impedance of 0 mol%/L Y3+ coating is 2.68 × 105 Ω⋅cm2 after 12 h, 
and it is two orders of magnitude larger than that of the aluminum alloy 

substrate (2.11 × 103 Ω⋅cm2). The impedance increases with Y3+ doping 
reaching a maximum of 6.78 × 105 Ω⋅cm2. With increasing immersion 
time, the impedance of the conventional MAO coating decreases rapidly. 
In particular, the decrease reaches 66.4 % within 12 to 24 h, indicating 
severe damage by fluoride ions. The ‘differential oxygen concentration 
pool’ may form in the MAO coating, where the high fluoride ion con
centration, low oxygen content and challenging oxygen diffusion within 
the pores make it difficult for MAO to provide a favorable internal 
passivation environment. On the contrary, the Y-doped MAO sample 
impedance does not decrease. After 48 h, as shown in Fig. 5(a3-c3), the 
phase angle at moderate frequencies becomes higher and wider, indi
cating that the 2.5 mol%/L Y3+ coating is homogeneous and denser. At 
the same time, the phase angle between the aluminum alloy substrate 
and the 0 mol%/L Y3+ coating decreases rapidly, implying that the 
coating is penetrated by the electrolyte, and electrochemical reactions 
occur under the coating [49]. In this stage, 2.5 mol%/L Y3+ shows a 
slower decrease at medium frequencies due to the deposition of corro
sion products in the defects. The phase angle arc of 2.5 mol%/L Y3+

changes moderately with time constants of less at 48 h and 72 h, sug
gesting that there is an additional barrier to charge transfer other than 
the coating as the corrosion-induced formation of surface products 
hinders charge transfer. The phase angle between the aluminum 

Fig. 5. EIS curves of the 6061 aluminum alloy substrate, Al/MAO-0 mol%/L Y3+ and Al/MAO-2.5 mol%/L Y3+ after immersion in 0.1 mol/L NaF for 12, 24, 48, and 
72 h: (a1-c1) Nyquist plots; (a2-c2) Bode modulus; (a3-c3) Bode phase plots.
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substrate and 0 mol%/L Y3+ drops below 10◦ at high frequencies, 
implying a gradual loss of the protective ability, but that of 2.5 mol%/L 
Y3+ is greater than 20◦ at high frequencies representing retarded 
corrosion [50].

The corrosion behavior of the specimens for different immersion 
time durations is studied by electrochemical impedance spectroscopy. 
Fig. 6(a-b) shows the equivalent circuits used to fit the EIS results [51], 
and the fitted results are shown in Table 2. The selection of the equiv
alent circuit is balanced by the need to fit the results with the lowest 
error (Order of magnitude less than or equal to 10-3) and minimize the 
circuit components [52]. The model used in the fitting is one commonly 
used for MAO coatings of valve metals and their alloys [53–56]. In the 
equivalent circuit model, Rs is the solution resistance between the 
working and counter electrodes. In the fitting process, a constant phase 
element (CPE) is used to replace the capacitor because of the non-ideal 
behavior of the system, R is connected in parallel with the corresponding 
CPE [57,58], and n is the CPE index, which represents the deviation or 
roughness of the ideal smooth surface compared to the CPE surface and 
measures the inhomogeneity of the electrode surface. When n is equal to 
1, CPE behaves as an ideal capacitor [59]. Typically, the time constant 
corresponds to the number of layers in the MAO coating. For the two- 
step method the prepared coating consists of a dense layer in the first 
step, a porous layer in the second step and an interfacial layer between 
the metal and the coating compared to the one-step method. CPEd and Rd 
at high frequencies correspond to the capacitance and resistance 
response of the external void layer in the MAO coating [49]. The mid- 
frequency CPEp and Rp are related to the capacitance and resistance of 
the internal compact layer in the MAO [49,60]. The low-frequency CPEdl 
and Rct can be used to describe the double-layer capacitance at the 
electrolyte-metal interface and the resistance to charge transfer during 
corrosion [61,62].

Owing to the porous and non-homogeneous characteristics of MAO 
coatings, the electrical resistance and interfacial double layer capaci
tance can vary between the surface interfaces as a result of the different 

crystalline phases, grain sizes, surface roughness at the coating/metal 
interfaces, and it is difficult to build up the charge as in the case of 
parallel plate capacitors. Heterogeneity at the microscopic or atomic 
level produces different surface energy scales, which in turn lead to 
different levels of charge and discharge at the surface interface location 
during the reaction. The evolution of the equivalent capacitance (Ce) is 
derived from Eqs. (4)–(5) according to Toorani et al. [63–66]: 

Ce− dl = CPE1/n
dl

(
1
Rs

+
1

Rct

)n− 1/n

(4) 

Ce− p = CPE1/n
p R1− n/n

P (5) 

The Ce− dl and Ce− p values are shown in Table 3.
Fig. 6(c-d) and Table 3 show the calculated Rp + Rd, Rct, equivalent 

capacitance Ce− dl, and Ce− p fitted for all the specimens at different times. 
After 72 h, Rp + Rd of 2.5 mol%/L Y3+ changes from 1.245 × 106 to 3.07 
× 105 Ω⋅cm2, which is clearly higher than those of the aluminum alloy 
substrate (1.76 × 103 to 9.03 × 103 Ω⋅cm2) and 0 mol%/L Y3+ (2.85 ×
105 to 3.09 × 104 Ω⋅cm2). Rct exhibits a similar trend. Similarly, Ce− dl of 
2.5 mol%/L Y3+ changes from 8.36 × 10-8 to 3.26 × 10-4 μF⋅cm− 2, which 
is lower than those of the aluminum alloy substrate (2.09 × 10-3 to 1.32 
× 10-3 μF⋅cm− 2) and 0 mol%/L Y3+ (9.03 × 10-6 to 1.20 × 10-3 μF⋅cm− 2). 
Microcracks or micropores in the coatings allow corrosive substances to 
permeate to the metal interface. Rp + Rd of 2.5 mol%/L Y3+ decreases 
with immersion time, which indicates that the electrolyte penetrates 
into the coating through the pores [67]. However, the overall change is 
not significant, as fluoride ion has smaller effects on the coating. The 
value of 0 mol%/L Y3+ coating decreases and then increases because 
corrosion products accumulate on the surfaces or in holes, consequently 
blocking the penetration of corrosive electrolytes. The main damage 
occurs within 48 h after which the resistance falls off abruptly. The value 
of the aluminum substrate increases gradually because of the formation 
of a passivation layer on the surface of the substrate.

After immersion for 72 h, the order of Rp + Rd remains as follows: 

Fig. 6. Circuit model for EIS fitting: (a) Model A for the substrate and (b) Model B for the coating; Variation of fitted parameters in the equivalent circuits: (c) Rp + Rd 
and (d) Rct.
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2.5 mol%/L Y3+ > 0 mol%/L Y3+ > substrate, while the trend of Ce− dl is 
the opposite: 2.5 mol%/L Y3+ < 0 mol%/L Y3+ < substrate. In general, 
larger capacitance and smaller resistance represent the reduction of the 
passive layer thickness at the interface and the degradation of the 
coating [68]. Rp + Rd of 2.5 mol%/L Y3+ (3.07 × 105 Ω⋅cm2) is almost 
one order of magnitude larger than that of 0 mol%/L Y3+ coating (3.09 
× 104 Ω⋅cm2). As a result, 2.5 mol%/L Y3+ has better corrosion resis
tance. The structural stability of the coating is important because high 
porosity tends to be a preferred site for corrosion enhancing scattering 
effects and forming pitting. The uneven distribution of the coating sur
face causes the expansion of the electrical differences among different 
micro-areas, while more cracks increase the likelihood of corrosive 
fluoride ions destroying the coating. During the corrosion process, 
fluoride ions tend to preferentially adsorb at micropores and penetrate 
through irregular discharge channels to the substrate [69]. In conclu
sion, Y3+ doping improves the fluorine corrosion resistance, and 2.5 mol 
%/L shows the smallest corrosion current density and largest capaci
tance radius.

3.4. Immersion corrosion

In order to assess the long-term corrosion resistance, the three 
specimens are submerged in 0.1 mol/L NaF for 3, 7, 18, 24, and 28 days, 
and the corroded morphology is shown in Fig. 7. After 3 days, the 6061 

aluminum substrate loses the metallic luster and corrosion pits appear. 
Aluminum alloys are passivated by surface oxide under ambient con
ditions and in aqueous solutions with pH between 4.5 and 8.5. Here, the 
corrosion rate of the aluminum alloy is limited by its dissolution rate. 
The addition of sodium fluoride makes the micro anodic reaction change 
from reaction (6) to reaction (8), and the equilibrium potential of the 
electrode shifts negatively. On the other hand, fluoride ions destroy the 
surface oxide to accelerate dissolution [70]:

Micro anode: 

Al − 3e− →Al3+ (6) 

Micro cathode: 

H2O+2O2 +4e− →4OH− (7) 

When F- is added to the solution, its corresponding anodic reaction 
becomes: 

Al+ 6F− − 3e− →AlF6
3+ (8) 

At the same time, the surface morphology of 0 mol%/L Y3+ begins to 
show some traces of corrosion but not corrosion pits. On the other hand, 
2.5 mol%/L Y3+ coating does not show any changes, implying that Y 
improves the corrosion resistance. As immersion proceeds, the surface of 
0 mol%/L Y3+ becomes darker. On the 18th day, partial dissolution at 
the edge of the coating produces localized scale-like shedding, and it is 
more severe on the 28th day, with a significant increase in the area and 
density of shedding exposing the aluminum alloy substrate gradually. 
However, the corrosion of the coating is significantly suppressed with 
only minor corrosion observed after Y doping.

3.5. Microstructural evolution of corroded coatings

Fig. 8 shows the surface morphology and EDS spectra of the three 
specimens after immersion in 0.1 mol/L NaF solution for 28 days. The 
aluminum substrate is covered by a stacked layer of grainy substance 
consisting of mainly oxides of F and Al (Fig. 8(a1-a3)). For conventional 
MAO coatings, severe corrosion occurs after 28 days, and some of the 
coatings rupture due to micro-defects and volume expansion of defects 
under attack generating large corrosion transition areas by fluoride ions. 
A large number of cracks on the sample surface due to corrosion of the 

Table 2 
Fitted EIS results of the substrate, Al/MAO-0 mol%/L Y3+, and Al/MAO-2.5 mol%/L Y3+ immersed in 0.1 mol/L NaF.

Sample Immersion 
times (h)

Rs 

(Ω⋅cm2)
CPEd 

(Ω¡1⋅sn⋅cm¡2)
nd Rd 

(Ω⋅cm2)
CPEp 

(Ω¡1⋅sn⋅cm¡2)
np Rp 

(Ω⋅cm2)
CPEdl 

(Ω¡1⋅sn⋅cm¡2)
ndl Rct 

(Ω⋅cm2)
Quality 
of fit

substrate 12 h 297.4 − − − 9.74 × 10-6 0.972 1.76 ×
103

2.37 × 10-3 0.866 5.05 ×
102

6.44 ×
10-4

24 h 300.6 − − − 8.96 × 10-6 0.956 3.32 ×
103

1.94 × 10-3 0.793 2.81 ×
102

1.06 ×
10-3

48 h 311.4 − − − 9.14 × 10-6 0.988 2.88 ×
103

1.68 × 10-3 0.832 8.12 ×
102

8.58 ×
10-4

72 h 309.1 − − − 1.34 × 10-5 0.921 9.03 ×
103

1.64 × 10-3 0.786 2.45 ×
103

3.18 ×
10-4

0 mol%/L 
Y3+

12 h 305.7 3.66 × 10-8 0.927 2.34 ×
103

4.55 × 10-7 0.650 2.83 ×
105

4.71 × 10-5 0.722 3.67 ×
105

1.27 ×
10-4

24 h 311.7 5.79 × 10-7 0.876 3.11 ×
102

1.08 × 10-6 0.884 9.33 ×
104

4.41 × 10-4 0.968 1.85 ×
104

3.35 ×
10-4

48 h 304.5 3.34 × 10-6 0.918 7.38 ×
102

2.13 × 10-6 0.957 6.87 ×
103

1.26 × 10-4 0.718 3.64 ×
104

6.35 ×
10-4

72 h 330.5 7.58 × 10-6 0.809 1.13 ×
103

1.91 × 10-6 0.987 2.98 ×
104

1.53 × 10-3 0.762 5.71 ×
103

7.03 ×
10-3

2.5 mol%/L 
Y3+

12 h 314.2 1.97 × 10-7 0.684 3.47 ×
104

1.64 × 10-7 0.798 1.21 ×
106

2.35 × 10-6 0.684 2.84 ×
106

2.77 ×
10-4

24 h 324.7 4.68 × 10-8 0.789 6.74 ×
103

7.94 × 10-7 0.709 1.03 ×
106

1.54 × 10-5 0.978 1.79 ×
106

3.34 ×
10-4

48 h 309.2 2.63 × 10-8 0.947 1.01 ×
103

1.22 × 10-6 0.576 1.05 ×
106

8.29 × 10-5 0.766 4.57 ×
105

1.54 ×
10-4

72 h 307.7 3.26 × 10-8 0.972 3.39 ×
102

5.52 × 10-7 0.795 3.07 ×
105

5.08 × 10-4 0.807 4.82 ×
104

9.05 ×
10-5

Table 3 
Calculated Ce− dl and Ce− p based on EIS fitting.

Sample Immersion times (h) Ce-dl (μF⋅cm¡2) Ce-p (μF⋅cm¡2)

substrate 12 h 2.09 × 10-3 8.67 × 10-6

24 h 1.42 × 10-3 7.62 × 10-6

48 h 1.37 × 10-3 8.75 × 10-6

72 h 1.32 × 10-3 1.12 × 10-5

0 mol%/L Y3+ 12 h 9.03 × 10-6 1.51 × 10-7

24 h 4.11 × 10-4 7.99 × 10-7

48 h 3.51 × 10-5 1.76 × 10-6

72 h 1.20 × 10-3 1.84 × 10-6

2.5 mol%/L Y3+ 12 h 8.36 × 10-8 1.09 × 10-7

24 h 1.41 × 10-5 7.32 × 10-7

48 h 2.71 × 10-5 1.47 × 10-6

72 h 3.26 × 10-4 3.49 × 10-7
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Fig. 7. Macroscopic morphology of the specimens immersed for different times in 0.1 mol/L NaF.

Fig. 8. SEM images and EDS spectra after immersion in 0.1 mol/L NaF solution for 28 days: (a1-a3) 6061 aluminum alloy, (b1-b5) Al/MAO-0 mol%/L Y3+, and (c1- 
c3) Al/MAO-2.5 mol%/L Y3+.
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underlying substrate and incomplete stripping of the outer coating are 
observed, which not only increases the actual corrosion area of the 
sample, but results in the presence of high residual stresses, making it an 
active area prone to corrosion. EDS shows more than 50 % F on 0 mol 
%/L Y3+ reflecting a high degree of F adsorption. The O to Al concen
tration ratio on the inner surface is 1.52 and larger than that of 2.5 mol 
%/L Y3+ (0.54) indicating a higher degree of oxidation for 0 mol%/L Y3+

[71]. The surface of 0 mol%/L Y3+ has micro- and nano-corrosion 
products (Fig. 8(b1-b3)) and poor adhesion strength. Warped edges 
mean that the coating has lost its ability to protect the substrate. In 
contrast, after 28 days, 2.5 mol%/L Y3+ retains the typical crater 

morphology of micro-arc oxidation. After corrosion, some dense parti
cles cover the surface of 2.5 mol%/L Y3+ (Fig. 8(c2)) and also penetrate 
into the coating interior (Fig. 8(c3)), thus reducing the contact area 
between fluoride ions and the substrate. The Y-doped MAO coating after 
immersion has a larger Al concentration of 17.39 % than the undoped 
MAO coating (11.68 %) in addition to a smaller F concentration of 
46.29 %, which exhibits lower aluminum oxide corrosion and fluoride 
absorption behavior. The Y concentration decreases from 5.77 % to 2.21 
%, suggesting its positive impact on the corrosion resistance.

The evolution of the microstructure of the corrosion products of the 
two MAO coatings is observed by TEM. Fig. 9(a, b) show that the 

Fig. 9. TEM images of the corrosion products after immersion for 28 days in 0.1 mol/L NaF solution and their SAED images: (a, a1) Al/MAO-0 mol%/L Y3+ and (b, 
b1) Al/MAO-2.5 mol%/L Y3+; (c) HR-TEM image of the corrosion product of Al/MAO-0 mol%/L Y3+; (c1, c2) FFT image of the selected region in (c); (d) Zoomed 
image of the labeled region (c3) in (c); (e) IFFT analysis of (d) images; (f) HR-TEM image of the corrosion product of Al/MAO-2.5 mol%/L Y3+; (f1, f2) FFT image of 
the selected region in (f); (g) Zoomed image of the labeled region (f3) in (f); (h) IFFT analysis of (g) images.
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corrosion product on Al/MAO-0 mol%/L Y3+ is mainly composed of 
Al2O3 and Na3AlF6 (Fig. 9(a1)), whereas that on Al/MAO-2.5 mol%/L 
Y3+ consists of Al2O3, Al4Y2O9, Na3AlF6, and Na1.5Y2.5F9 (Fig. 9(b1). 
These substances are also identified by XRD (Fig. S3). Fig. 9(c3) shows 
the interface between Al2O3 and Na3AlF6 in the corrosion product on Al/ 
MAO-0 mol%/L Y3+ revealing orientations of (400) and (− 301), 
respectively. The fast Fourier transform (FFT) images are shown in Fig. 9
(c1, c2). Fig. 9(d) shows the magnified region of Fig. 9(c3), and Fig. 9e 
shows the inverse fast Fourier transform (IFFT) of Fig. 9d. Fig. 9(f-h) 
shows the HR-TEM images and fast Fourier transform spectra of the 
corrosion products on the Y-doped MAO coatings. The lattice distortion 
at the double interface suggests that (400) Al2O3 // (− 301) Na3AlF6 and 
(052) Al4Y2O9 // (200) Na1.5Y2.5F9 inter-diffuse at the interface (Fig. 9
(e, h)) [72]. Meanwhile, the semi-coherent formation mode at the 
interface may be related to the periodic fringe dislocation arrays at the 
interface, and different dislocations affect the interactions at the inter
face and corrosion [73].

3.6. Wear properties

Fig. 10 shows the wear results of the three samples under a 2 N load 
and reveals different degrees of wear. The aluminum substrate exhibits 
wider and deeper indentations, while the cold welding effects on softer 
aluminum alloy surfaces due to abrasive and adhesive wear, and debris 
are observed from the wear track [70]. Under dry friction conditions, the 
wear track on Al/MAO-0 mol%/L Y3+ is relatively flat and wide, and 
exhibited a wider wear track (746.2 μm) after immersion, showing its 
low resistance to fluoride ion corrosion. Owing to the high hardness and 
roughness of the ceramic coating, the micro-convex body is damaged in 
the friction process and it is unable to withstand large shear forces. The 
MAO coating is corroded heavily by fluoride ions which penetrate 
through the micropores, and the detached film is unable to provide 
effective protection leading to more severe wear. On the contrary the 
substrate shows a narrower and shallower wear track after immersion, 
showing a lower wear rate and smoother friction surface.

According to calculations, Young’s modulus of the Y-doped MAO 

Fig. 10. 3D morphology and line scans after wear: (a1- a3) 6061 aluminum alloy substrate; (b1- b3) Al/MAO-0 mol%/L Y3+; (c1- c3) Al/MAO-2.5 mol%/L Y3+; (d) 
Wear morphology of the Y-doped MAO coating after immersion and local area enlargement; (e) Wear rates before and after immersion.
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coatings decreases from 411 Gpa to 325 Gpa in the X-direction and from 
398 Gpa to 332 Gpa in the Y-direction (Fig. S4), which may be related to 
the changes in the electronic structure of the aluminum oxides after the 
Y-doping. This means that under the same load, the Y-doped coatings 
produce a larger actual contact area in both the X and Y directions to 
disperse stress. The Y-doped MAO coatings show wider wear tracks and 
smaller wear depths, which are consistent with the smaller Young’s 
modulus, and the shear stress concentrates at the edge. After immersion 
in 0.1 mol/L NaF, the coating retains the high wear resistance. Fig. 10d 
shows some cracks and wear debris, and the smaller wear rate may be 
associated with the high-density and high-hardness α-Al2O3 phase in the 
coating [74]. Meanwhile, the surface defects are filled with corrosion 
particles to reduce the radial cutting and squeezing effects of wear so the 
wear area decreases [75].

Fig. 11 presents the SEM image and EDS maps of the wear track on 
the Y-doped MAO coating after immersion. O, F, Al, Si, Na, and Y are 
identified and the O and Al concentrations increase after wear (Fig. 11i, 
h), which is associated with the transfer and destruction of the alumina 
friction balls and coating surface. At the same time, the F, Na, and Y 
concentrations decrease but that of Si does not change significantly, 
suggesting loss of Y and that the corrosion product of Y, F, and Na is 
involved in the wear process.

4. Corrosion mechanisms

4.1. Corrosion mechanisms and growth of MAO coatings

Fluorine corrosion of aluminum alloys depends on the chemical 
composition, microstructure, phase, and morphology. The three key 
components involved in the MAO process are the aluminum substrate, 
the MAO coating, and the electrolyte. The growth of MAO coatings is 
associated with the formation and dissolution of redox reactions under 
an electric field at interface 1 between the 6061 aluminum substrate and 
MAO layer and interface 2 between the MAO layer and electrolyte 
[76,77]. The growth and chemistry of the coating can be analyzed under 
two processes, which separately operate at interface 1 and interface 2. 
The reactions at interface 1 are related to cations from the substrate as 
well as anions from the coating. Compounds and new anionic vacancies 

are formed during the micro-arc oxidation by the continuous depletion 
of anions and cations. As the reaction continues, anions from the coating 
are depleted and anions are supplied by the electrolyte to interface 2 
under the action of the electric field for maintaining the equilibrium in 
the reaction [78]. With the continuous replenishment of anionic va
cancies (primarily oxygen ionic vacancies), new anions continue to be 
imported into the substrate at interface 1. This process repeats itself until 
the end. However, the discharge cascade results in the growing coating 
that prevents the substrate and electrolyte from coming into contact 
with each other. In fact, the reaction at interface 1 takes place in an 
oxygen-deficient atmosphere. Under these conditions, the conditions for 
the formation of stoichiometric aluminum oxide cannot be met [79]. 
The reaction occurring at interface 1 is shown below [80]: 

AlM→AlAl2O3 + 3/2VÖ + 3e− (9) 

The aluminum atom AlM located in the conventional sites of the valve 
metal substrate in the anoxic environment are converted into AlAl2O3 

sites on the formed ceramic coating under the action of an electric field 
and oxygen vacancies are formed. According to the point defect model 
(PDM), the oxygen vacancies or cation gaps are electron donors and the 
sample has n-type semiconducting characteristics.

As for interface 2, the reactions occur partially at the electrolyte and 
MAO coating as shown below [81]: 

VÖ + H2O→OAl2O3 + 2H+
aq (10) 

VÖ + OH− →OAl2O3 +H+
aq (11) 

Reactions (10) and (11) indicate that H2O and OH− during oxidation 
form oxide film conventional sites O replenish oxygen vacancies created 
during reaction (9) by separating H+

aq into the electrolyte. The other half 
of the reaction at interface 2 involves the reaction of Al3+ with the anions 
XOZ−

y (PO3−
4 , SiO2−

3 ) in the electrolyte, and also in the plasma cluster 
excited states of oxygen from these anions will be formed to combine 
with Al3+ and oxygen vacancies. The XOZ−

y anions bind with Al3+ to form 
new compounds, which play an essential role in promoting oxidation as 
shown below [78,82]: 

Fig. 11. Wear images and elemental distribution of Y-doped MAO coatings after immersion: (a) Wear track morphology; (b) O; (c) Al; (d) F; (e) Y; (f) Na; (g) Si; (h) 
Elemental composition of the green box in (a); (i) Elemental composition of the blue box in (a); (j) Elemental composition of the red dot in (a).
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(NaPO3)6 +6H2O→6NaH2PO4 (12) 

NaH2PO4→PO3−
4 +2H+ +Na+ (13) 

PO3−
4 +Al3+→AlPO4 (14) 

2SiO2−
3 +6Al3+ + 7O2− →Al6Si2O13 (15) 

From reactions (12)–(15), it can be observed that a large amount of 
Al3+ is consumed. This also produces a flow of Al3+ from the substrate to 
the coating to react with anions in the electrolyte, reducing the 
requirement of oxygen ions and suppressing the production of oxygen 
vacancies in reaction (9). Overall, Al3+ in the coating moves constantly 
to interface 2, while oxygen ions move in the opposite direction to 
interface 1. These repetitive reactions promote the continuous growth of 
the MAO coating. The addition of yttrium nitrate increases the con
centration of anions and the conductivity of the electrolyte (Fig. 1(b)), 
which contributes to the rate of electron and ion transport migration and 
enhance the rate to react between the anionic groups XOZ−

y and Al3+ in 

electrolyte [83]. This leads to a deficit in the anionic reaction with Al3+. 
In order not to affect the reaction at interface 1, XOZ−

y tends to achieve 
equilibrium by taking Al3+ from the substrate. Anionic group combines 
with Al3+ in the substrate and reaction (9) is inhibited to reduce the 
production of oxygen vacancies [84].

4.2. Corrosion mechanisms, modulated coating structure, and adsorption 
of corrosive medium

The wide bandgap φ0 renders the MAO coating electrically insu
lating. During MAO, electrons are injected into the conduction band of 
the metal oxide coating in two ways: (1) Oxidation/reduction (O/R), 
which overcomes the solid–liquid barrier by tunneling and enters the 
conduction band to generate the initial current, and (2) Incorporation of 
dopants which form energy levels in the forbidden band enabling elec
trons to move to the conduction band to generate a current. The effects 
of the changes in the energy bands are studied by determining the DOS 
and oxygen vacancy formation energy before and after the incorporation 

Fig. 12. (a) DFT calculations of oxygen vacancy formation energies of MAO coatings with and without Y-doping (Structural model shown in the insert); Band 
structure and DOSs with and without Y-doped MAO coatings: (b1, b2) AlO, YAlO; (b3, b4) AlO/Ovac, YAlO/Ovac; (c) PDOS of Y, Al and F- orbitals in AlO and YAlO 
coatings in the presence of F adsorption (The structural model and the corresponding elaborated atoms (in red boxes) are shown in the insertion).
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of Y, as shown in Fig. 12ab. Fig. 12b shows Y substitution reduces the 
bandgap from 5.843 eV (that of pure alumina is 5.85 eV [85]) to 5.630 
eV. In the presence of oxygen vacancies and Y atoms, the bandgap of 
aluminum oxide decreases from 3.378 eV to 3.330 eV. The results show 
that the YAlO coating has a lower bandgap width. YAlO insulating 
coatings with lower bandgap widths have higher electron mobility 
compared to AlO coatings, which allows electrons to escape more easily 
and charges to take more paths through the coating for breakdown to 
occur [86,87]. This facilitates the formation of multiple discharge points 
and avoids the concentration of the electric field in certain weak areas, 
resulting in relatively uniform breakdown discharges. Therefore, regu
lating proper coating conductivity is crucial to obtaining dense, uniform, 
and corrosion-resistant coatings. In addition, alumina contains oxygen 
vacancies which affect the conductivity. An excessively high electrical 
conductivity affects the nucleation and growth rates during MAO and 
reduces the impedance between the electrodes (electrolyte and sub
strate) that form the electric field, thereby making it more difficult for 
the plasma discharge to form. Moreover, oxygen vacancies provide more 
adsorption sites for anions and accelerate F-induced corrosion. Ac
cording to the point defect model, passivation film growth depends on 
the formation and diffusion of cation/anion vacancies [88]. By reducing 
the number of anionic vacancies, the mobility of cationic vacancies and 
pitting can be reduced. Fig. 12a shows that Y increases the oxygen 
dissociation energy (oxygen vacancy formation energy) of alumina from 
0.210 Ha to 0.223 Ha. It is more difficult to form oxygen vacancies in the 
YAlO coatings at the same energy and Y inhibits the generation of ox
ygen vacancies and reduces leakage during the discharge. As a result, the 
electric field increases to make the discharge more stable reducing the 
extent of defects in the coating [84]. All in all, our calculations reveal 
that Y not only regulates the electrical conductivity, but also promotes 
the formation of corrosion-resistant structures in the oxide coating since 
vacancies are prone to adsorption of fluoride ions.

The above findings are important for understanding the fluorine 
corrosion resistance of coatings. The corrosion process in the fluoride 
environment is described in the following. Corrosion occurs because 
small radius F− enters the aluminum oxide ceramic coating to produce a 
strong inductive ionic conductivity, making the coating in some specific 
points of the occurrence of the ionic chaotic movement. When the 
electric field at the coating/solution interface reaches a critical value, 
pitting and dissolution occur as shown in the following [89]: 

Al→Al3+ + 3e− (16) 

In the sodium fluoride medium, the following reactions occur on the 
cathode [90]: 

O2 +2H2O+4e− →4OH− (17) 

Al3+ + 3OH− →Al(OH)3 (18) 

(Al2O3)nAl2O3 + 3H2O→(Al2O3)n
(
Al(OH)3

)

2 (19) 

At the micropores and cracks, F− accumulates and adsorbs onto the 
coating surface to displace hydroxyl groups of aluminum hydroxide 
until equilibrium [91–93]: 

(Al2O3)n
(
Al(OH)3

)
+ F− →(Al2O3)nAl(OH)2F+OH− (20) 

(Al2O3)nAl(OH)2F+ F− →(Al2O3)nAl(OH)F2 +OH− (21) 

In the early stage of corrosion, F− adsorbs onto the surface via pores 
and defects, followed by coalescence of isolated pores to form larger 
pores. When enough corrosion products accumulate on the coating, the 
passivation film becomes thicker and covers the initial pores. As the 
pores are sealed, oxygen cannot enter. Therefore, the internal F− con
centration does not decrease, leading to increased internal corrosion. At 
the same time, the external ceramic coating will continue to dissolve 
leading to ultimate destruction. It is important to note that fluoride ions 

have a smaller ionic radius than several other halogen elements (e.g. Cl-, 
Br-, and I-) due to their smaller shielding effect and lower inter-electron 
repulsion. Based on this, fluoride ions are highly permeable to penetrate 
highly defective coatings, causing them to accumulate in micro-defects 
and cracks, leading to increased localized corrosion. Therefore, Y- 
doped MAO coatings with low defects and fewer pores show better 
resistance to fluorine corrosion by reducing the penetration path of 
fluoride ions in small radii and lowering the chance of direct contact 
with the substrate.

According to the law of matching affinities, during fluoride corrosion 
of MAO coatings, well-hydrated kosmotropes fluoride ions are more 
inclined to adsorb on the surface of the coating and interact with Al3+ to 
form the corresponding fluorine complexes during the fluorine corrosion 
of MAO coatings (since all metal cations with valence greater than 1 
belong to kosmotropes [8]). It is necessary to investigate the adsorption 
relationship between fluoride ions and coatings, which is essential for 
understanding the corrosion resistance of coatings to kosmotropes 
fluoride ions. The interactions between fluorine and aluminum oxide in 
the solution are analyzed by an adsorption model. As shown in Fig. 13a, 
the adsorption energy of pure aluminum oxide increases from − 0.1822 
Ha to − 0.1613 Ha after the introduction of Y. The binding distance 
between F− and surface atoms increases from 1.734 Å to 2.166 Å, 
making adsorption less [94]. Since F− in a solution undergoes Brownian 
motion, desorption occurs, and less adsorption improves the corrosion 
resistance. This is confirmed by the smaller F concentration in Fig. 8. 
Fig. 12c shows the partial density of states (PDOS) of AlO and YAlO, 
which helps to understand the electronic structures [85]. The change in 
electron transfer stems from the interactions between the Al 2 s and Al 2p 
orbitals with F 2p orbitals. In the substitution model, the interactions 
between Y 4p and Y 4d orbitals with F 2 s and F 2p orbitals may be 
responsible for the weaken adsorption. In addition, the difference in the 
degree of overlap of the Al 2p and F 2p orbitals in the two models may be 
attributed to the change in the type of adsorption, which affects the 
adsorption effect on F− , and consequently alters the fluorine corrosion 
resistance of the coatings.

The structures of YAlO and AlO are compared. The bond lengths of 
O2-Al3 and O2-Al4 and charge transfer of Y1 and O2 atoms are presented 
in Fig. 13(b-d), respectively (refer to Fig. S5 of the Supporting Material 
for the precise location of the atomic layer symbols), to study the change 
of covalent bond strengths [95]. After Y incorporation, the average bond 
length of O2-Al3 decreases from 1.799 Å to 1.787 Å and that of O2-Al4 
diminishes from 1.893 Å to 1.879 Å (Fig. 13c). At the substitution sites, 
the charge transfer values of Y1 and Al1 are 1.438|e| and 1.271|e|, 
respectively, which are mainly determined by the electronic structures. 
Y substitution increases the charge transfer of Al1 from 1.097|e| to 
1.114|e|, and the average charge transfer of the adjacent-row O2 from 
− 0.864|e| to − 0.878|e| (Fig. 13d). The increased charge transfer in
dicates stronger covalent bonding and chemical stability. Since the bond 
strength is inversely related to the bond length, the Al-O bond energy in 
the Y-doped MAO coatings is greater than that of Al-O in MAO coatings. 
Overall, Y-doped MAO forms a denser and stronger Al-O covalent 
network, which reduces the penetration of corrosive media and main
tains its excellent corrosion resistance under fluoride ion attack.

4.3. Corrosion mechanisms and products

During the fluoride solution immersion process, a protective corro
sion product reaction film gradually develops on the coating surface as 
the corrosion time increases. The formation of reaction film is related to 
the nucleation and growth process of fluorinated corrosion products 
[96]. At the same time, defects such as grain boundaries and dislocations 
act as nucleation sites for particles, and high corrosion dissolution rates 
promote particle growth [97]. Fluorine is the most electronegative 
element (Pauling scale), and its atoms are extremely electron-attractive, 
resulting in the formation of strong ionic bonds that confer a high degree 
of stability to the crystal structure [9]. However, the lack of overlapping 
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electron clouds in metallic or covalent bonds results in a material that 
lacks ductility and toughness and exhibits significant brittleness. The 
high electronegativity brings about strong electrostatic interactions in 
the crystal structure, making it more susceptible to fracture along spe
cific crystal faces. In addition, the strong complexing tendency of fluo
ride ions in solution exhibits a strong attraction to other ions and 
molecules, exacerbating the coating dissolution process [8]. The low 
fracture toughness of fluoride-reactive films makes them more suscep
tible to defects at high growth rates.

Anyway, the interfacial characteristics between fluorinated corro
sion products are investigated to further study the fluorine corrosion 
resistance of the coatings, as shown in Fig. 9(c-h). The degree of 
mismatch (δ) is used to evaluate the degree of coherence at the interface 
between the corrosion product and oxide as shown by Eq. (22) [73]: 

δ =
2
(
dβ − d∂

)

dβ + d∂
(22) 

where δ is the relative difference between the spacings of the atoms of 
the two neighboring phases at the interface and d∂ and dβ are the lattice 
spacings of the two phases. The lattice mismatches at the Al2O3/Na3AlF6 
and Al4Y2O9/Na1.5Y2.5F9 interfaces are calculated to be 0.158 and 0.34, 
respectively, indicating semi-coherent interfaces. The distance D be
tween each pair of dislocations is derived by Eq. (23) [72,98,99]: 

D =

(
dβ + d∂

)2

4
(
dβ − d∂

) (23) 

The dislocation distances at the Al2O3/Na3AlF6 and Al4Y2O9/ 

Na1.5Y2.5F9 interfaces are 1.36 and 0.69, respectively, showing that 
lattice distortion and edge dislocation entanglement are more severe at 
the Al4Y2O9/Na1.5Y2.5F9 interface compared to the Al2O3/Na3AlF6 
interface (Fig. 9c-d). A larger degree of mismatch corresponds to a larger 
elastic strain energy, which can buffer the tearing of quasi-granular 
boundaries in Y-doped MAO coatings along the grain direction and 
generate dislocation slipping [100–102]. Elastic point strain is released 
as edge dislocations, and suitable dislocation slip facilitates coordinated 
deformation of the interface and inhibits the growth of microcracks at 
quasi-crystal boundaries [73]. Multiple slips facilitate lattice- 
coordinated distortion, mitigate interfacial cracking, and increase the 
stability of Al4Y2O9/Na1.5Y2.5F9 [103]. After the incorporation of Y, the 
number of interfacial dislocations increases, and the dislocations are 
pinned at the interface. The stability of the interface can be improved by 
regulating the edge dislocations at the interface between the fluorinated 
corrosion products and the oxide semi-coherent interface. Continuous 
dislocation pinning mitigates the embrittlement of ionic crystals, in
hibits the extension of fluoride cracks, and improves the fluorine 
corrosion resistance of the coating [12].

4.4. Fluorine corrosion protection mechanism

In Fig. 14 schematic showing the corrosion process is used to illus
trate the protection mechanism of the Y-doped assisted MAO coatings. 
The highly permeable corrosive fluorine solution penetrates easily and 
longitudinally through the micropores of the outer layer of MAO. The 
corrosion reaction occurs to produce initial localized damage leading to 
a larger pH and a gradual increase in the specific surface area, which 

Fig. 13. (a) DFT calculations of the adsorption energy of F- on MAO coatings with and without Y (Side view of the adsorption structure model shown in the inset); (b) 
Changes of bond lengths at different atom positions of Al-O bonds in Al2O3 coatings with and without Y; (c) Changes in average bond lengths of Al-O bonds in Al2O3 
coatings with and without Y; (d) Transfer charges at different atom positions in Al2O3 coatings with and without Y as well as the average transfer charge from the O 
adjacent rows of atoms. The atom type symbol Xn

p represents the element (X = Al, O, Y), the number of surface layers (p = 1, 2, 3, 4), and the positions of the atoms in 
the region (n = 1, 2, 3, 4, 5, 6). (Refer to Fig. S5 in Supporting Material for the precise location of the atomic layer symbols).
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ultimately reaches the interface between the substrate and the coating to 
produce large areas of pitting and cracking (Fig. 14a). Before corrosion 
commences, Y reduces the porosity and increases the density of the MAO 
coatings to better block the corrosion medium. The impedance of the 
coating comes mainly from the well-sealed ceramic layer. Furthermore, 
Y decreases the binding stability of kosmotropes fluoride ions on the 
surface of MAO coatings, making them easier to desorb from the surface 
(Fig. 14(b2)). Y compacts the aluminum-oxygen bond form a denser and 
stronger Al-O covalent network to mitigate corrosion damage. In addi
tion, Y improves the edge dislocations at the interface between the 
corrosion product and oxide semi-coherent interface after corrosion has 
occurred and form chemically stable enhanced Al4Y2O9/Na1.5Y2.5F9 
structure corrosion interface, resulting in mitigated crack expansion and 
corrosion damage in low fracture toughness fluoride reactive films.

5. Conclusions

In this work, an in-situ growth of yttrium assisted affinity fluorine 
corrosion resistant coating based on two-step micro-arc oxidation was 
successfully developed on aluminum alloy surfaces. Potentiodynamic 
polarization test shows that the coating system has corrosion current 
density of 4.49 × 10-9 A/cm2 in 0.1 mol/L NaF solution, which is four 
orders of magnitude lower than the bare substrate aluminum alloy along 
with a more positive corrosion potential. Experiments and DFT calcu
lations reveal the kinetics of coating growth and the reaction mecha
nisms at the contact interface synergistically to understand the origin of 
highly durable fluorine corrosion. DFT calculations demonstrate that 
yttrium assists in reducing the number of oxygen vacancies and band 
gap width of the coating, achieving low surface porosity defects and the 
growth of a strong and robust Al-O covalent network. The dense coating 
system provides more durable corrosion barriers to small radius and 
highly permeable fluoride ions, and is capable of being immersed in 0.1 
mol/L NaF solution for more than 28 days with little to no corrosion 
damage. In addition, yttrium doping can reduce the adsorption reaction 
effect of kosmotropes fluoride ions on the coating surface sufficiently to 
decrease the depolarization effect. Yttrium in the coating exists as the 

phase component of Al4Y2O9 and forms more stable and effective fluo
ride corrosion interfacial protective film after corrosion occurs, which is 
used to mitigate interfacial cracking caused from strong ionic bonding 
by modulating continuous dislocations pinned to inhibit further corro
sion deterioration extension of the coating. The excellent fluorine 
corrosion protection of yttrium-doped assisted MAO coatings stems from 
the synergistic effect of the multiple mechanisms described above. The 
high endurance fluorine corrosion protection also gives the coatings 
outstanding wear resistance characteristics for performance in corrosive 
environments. Overall, this work is expected to advance the develop
ment of anti-corrosion coating systems for aluminum alloys in highly 
durable fluorine environments.
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T. Czerwiec, T. Belmonte, Effects of electrical parameters on plasma electrolytic 
oxidation of aluminium, Surf. Coat. Technol. 221 (2013) 70–76.

[96] C. Man, C. Dong, Z. Cui, K. Xiao, Q. Yu, X. Li, Characterization of the Outer Layer 
Nanostructure in the Electrochemical Response of Stainless Steel in Aqueous 
Sodium Hydroxide, Anal. Lett. 51 (9) (2018) 1384–1399.

[97] D.D. Macdonald, The history of the Point Defect Model for the passive state: A 
brief review of film growth aspects, Electrochim. Acta 56 (4) (2011) 1761–1772.

[98] X. Rong, X. Zhang, D. Zhao, C. He, C. Shi, E. Liu, N. Zhao, In-situ Al2O3-Al 
interface contribution towards the strength-ductility synergy of Al-CuO composite 
fabricated by solid-state reactive sintering, Scr. Mater. 198 (2021).

[99] A.J. Vattre, M.J. Demkowicz, Determining the Burgers vectors and elastic strain 
energies of interface dislocation arrays using anisotropic elasticity theory, Acta 
Mater. 61 (14) (2013) 5172–5187.

[100] X. Zhang, X. Cheng, Y. Si, J. Yu, B. Ding, Elastic and highly fatigue resistant ZrO2- 
SiO2 nanofibrous aerogel with low energy dissipation for thermal insulation, 
Chem. Eng. J. 433 (2022).

Z. Ye et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S1385-8947(25)00831-9/h0255
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0255
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0260
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0260
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0260
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0265
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0265
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0265
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0270
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0270
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0270
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0275
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0275
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0275
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0275
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0280
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0280
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0280
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0280
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0285
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0285
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0285
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0290
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0290
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0290
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0290
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0295
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0295
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0295
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0300
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0300
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0300
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0305
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0305
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0305
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0305
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0310
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0310
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0310
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0310
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0315
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0315
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0315
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0320
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0320
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0320
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0325
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0325
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0325
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0325
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0330
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0330
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0330
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0335
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0335
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0335
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0335
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0340
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0340
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0340
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0340
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0345
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0345
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0345
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0350
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0350
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0350
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0355
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0355
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0355
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0355
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0360
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0360
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0360
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0360
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0365
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0365
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0365
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0370
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0370
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0370
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0375
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0375
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0375
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0380
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0380
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0380
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0385
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0385
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0385
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0390
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0390
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0390
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0395
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0395
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0395
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0395
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0400
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0400
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0405
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0405
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0405
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0410
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0410
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0410
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0410
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0415
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0415
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0415
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0415
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0420
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0420
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0420
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0425
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0425
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0425
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0425
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0430
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0430
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0430
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0435
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0435
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0435
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0435
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0440
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0440
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0440
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0445
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0445
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0445
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0450
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0450
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0450
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0455
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0455
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0455
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0460
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0460
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0460
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0460
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0465
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0465
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0465
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0470
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0470
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0470
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0475
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0475
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0475
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0480
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0480
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0480
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0485
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0485
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0490
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0490
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0490
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0495
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0495
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0495
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0500
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0500
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0500


Chemical Engineering Journal 506 (2025) 160032

20

[101] F. Zhang, G. Zhang, L. Yang, Y. Zhou, Y. Du, Thermodynamic modeling of YO1.5- 
TaO2.5 system and the effects of elastic strain energy and diffusion on phase 
transformation of YTaO4, J. Eur. Ceram. Soc. 39 (15) (2019) 5036–5047.

[102] P. Wang, Y. Bu, J. Liu, Q. Li, H. Wang, W. Yang, Atomic deformation mechanism 
and interface toughening in metastable high entropy alloy, Mater. Today 37 
(2020) 64–73.

[103] M. Liao, P. Nicolini, L. Du, J. Yuan, S. Wang, H. Yu, J. Tang, P. Cheng, 
K. Watanabe, T. Taniguchi, L. Gu, V.E.P. Claerbout, A. Silva, D. Kramer, T. Polcar, 
R. Yang, D. Shi, G. Zhang, UItra-low friction and edge-pinning effect in large- 
lattice-mismatch van der Waals heterostructures, Nat. Mater. 21 (1) (2022) 47-+.

Z. Ye et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S1385-8947(25)00831-9/h0505
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0505
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0505
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0510
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0510
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0510
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0515
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0515
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0515
http://refhub.elsevier.com/S1385-8947(25)00831-9/h0515

	In situ fabricated yttrium doping coatings on aluminum alloy as highly affinity kosmotrope fluorine anti-corrosion surface
	1 Introduction
	2 Experimental and calculation details
	2.1 Materials
	2.2 Sample preparation
	2.3 Characterization
	2.4 Wear resistance evaluation
	2.5 Corrosion resistance assessment
	2.6 First-principles calculations

	3 Results and discussion
	3.1 Plasma discharge characteristics
	3.2 Morphology and chemical composition
	3.3 Electrochemical evaluation
	3.4 Immersion corrosion
	3.5 Microstructural evolution of corroded coatings
	3.6 Wear properties

	4 Corrosion mechanisms
	4.1 Corrosion mechanisms and growth of MAO coatings
	4.2 Corrosion mechanisms, modulated coating structure, and adsorption of corrosive medium
	4.3 Corrosion mechanisms and products
	4.4 Fluorine corrosion protection mechanism

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


