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This study explores the improvement of corrosion resistance in micro-arc oxidation (MAO) 
layers through the incorporation of natural zeolite particles (NZP). The findings indicate that 
the addition of 20 g/L NZP effectively reduced the surface porosity from 15.78% to 7.38%. 
Furthermore, the impedance modulus (|Z|) of the prepared layers increased by three orders 
of magnitude, reaching 3.72 × 103 Ω·cm2, while the self-corrosion current density decreased 
six orders of magnitude, to 1.22×10-6 A/cm2. After immersion in a 3.5wt.% NaCl solution 
for 168 hours, the NZP-containing layers exhibited a notable reduction in Mg(OH)2 content. 
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1. Introduction  
 
Magnesium (Mg) can be used in automotive, aerospace, communications, and healthcare 

field due to its low density, and high strength, biocompatibility, and recyclability[1-2]. However, the 
high reactivity limits the broader application of Mg alloys[3]. Micro-arc oxidation (MAO) is 
considered as a promising method because of their high hardness and strong adhesion with matrix 
are commonly applied to non-ferrous metals like Al, Mg, Ti, and Nb[4]. Despite these advantages, 
the porous nature of MAO layers allows corrosive media to penetrate, leading to substrate 
degradation and limiting their effectiveness[5]. 

Recent attention has focused on metal-organic frameworks (MOFs) for their cage-like 
structures, which enhance corrosion resistance. Jiang et al.[6] improved Mg alloy corrosion 
resistance by growing a ZIF-8 coating on MAO-treated AZ91, reducing the self-corrosion current 
density from 10-5 A/cm2 to 10-9 A/cm2. Chen et al.[7] used an in-situ method to prepare Mg-Al-Zn 
layered double hydroxide (LDH) on a MAO/ZIF-8 composite, reducing the current density to 1.48 
× 10-8 A/cm2. Chen et al.[8] also incorporated cerium-containing zeolites into the MAO process, 
forming a self-healing layer that raised impedance from 2.08 × 105 to 7.48 × 107 Ω·cm2 after 96 
hours in NaCl solution. Although synthetic zeolites show strong performance, their large-scale use 
is limited by high costs, environmental concerns, and resource scarcity. This study aims to enhance 
MAO coating corrosion resistance by incorporating natural zeolite particles (NZP) directly into the 
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process. Surface morphology, porosity, and electrochemical evaluations demonstrate that NZP 
significantly improves the corrosion protection of MAO layers, offering a sustainable solution for 
enhanced durability. 

 
2. Experimental methods and characterization  
 
The AZ31 magnesium alloy was cut into 20×20×4 mm specimens and then polished using 

SiC paper from 320 # to 1500 #. The samples were then ultrasonically cleaned in anhydrous ethanol 
to remove grease and dried by hot air. The micro-arc oxidation (MAO) was carried out by a pulse 
power supply (WHD-30, China) under constant current mode (0.8 A current, 500 Hz frequency, 20% 
duty cycle, and 10 min) . The electrolyte solution are 10 g/L Na2SiO3·9H2O, 6 g/L (NaPO3)6, 4 g/L 
NaOH, 3 g/L EDTA-2Na, and varying concentrations (0 to 20 g/L) of natural zeolite powder (NZP, 
average particle size: 7.62 μm) . The samples were labeled as NZP-0g, NZP-10g, NZP-15g, and 
NZP-20g. 

The phase composition of prepared layer was tested by X-ray diffraction (XRD, D/max-
2500/PC, Japan). The surface morphology and elemental composition were characterized by 
scanning electron microscopy (FE-SEM, Sigma 500, Germany) equipped with energy dispersive X-
ray spectroscopy (EDS, AZtec X-Max 50, UK). The elemental composition of prepared layer was 
studied by X-ray photoelectron spectroscopy (ESCALAB 250Xi) at 400 W and 14 kV. Porosity was 
measured using Image-J software. The polarization curve and electrochemical impedance 
spectroscopy (EIS), were tested by IVIUM electrochemical workstation (Xri, Netherlands) with 
three-eletrode system with 1 cm2 exposed area. The saturated calomel reference electrode, a 
platinum foil counter electrode, and the NZP-coated sample as the working electrode. The natural 
immersion tests was conducted in a NaCl solution for 168 hours, and the corroded samples were 
characteized by XRD, SEM, and EDS analyses. 

 
 
3. Results and discussion 
 
Fig.1 are the morphology and pore distribution of different samples at 200× magnification. 

As shown in Fig.1a, when no natural zeolite particles (NZP) are added, the NZP-0g layer exhibits a 
large number of crater-like pores resembling "volcanic craters," with relatively high pore density 
and larger pore sizes. This characteristic porous structure results from the significant gas and plasma 
release during the MAO process. Such defects allow corrosive media to penetrate the layer, thereby 
reducing its corrosion resistance[9]. As depicted in Fig.1b, the NZP-10g layer exhibits a few bright 
white spots on the surface, and some smaller pores appear to be sealed. With increasing NZP content, 
the number of bright white spots further increases in Fig.1c-d for the NZP-15g and NZP-20g layers. 
In addition to NZP particles being incorporated into the MAO layer and sealing the micropores, 
some larger pores (4–6 μm) are also effectively closed. The pore distribution analysis in Fig.1 
indicates that as the NZP content increases, not only does the number and size of surface pores in 
the MAO layer decrease, but the number and size of cracks also significantly reduce. Surface cracks 
in the MAO layer are attributed to the excess stress generated during the thermodynamic instability 
of the molten-to-solid transition. The addition of NZP particles into the prepared layer helps alleviate 
part of this stress, thereby reducing the number and size of cracks. ImageJ software analysis at a 
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threshold of 0–50 reveals that the porosity of NZP-0g, NZP-10g, NZP-15g, and NZP-20g coatings 
is 15.78%, 8.72%, 8.12%, and 7.40%, respectively. These results indicate that the MAO formation 
process can adsorb large particle size NZP and close its surface pores.The increase of NZP content 
can further reduce pores and cracks in MAO layer, and it is contributed to improvement of the 
corrosion resistance of oxide layer. 

 

 

 

 

 
Fig. 1. SEM surface morphology and pore distribution of different MAO samples: (a) NZP-0, (b) NZP-10, 

(c) NZP-15, and (d) NZP-20. 
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Fig. 2 presents the SEM and XRD pattern of NZP. Fig.2a shows the SEM image of natural 
zeolite powder, revealing that the crushed and sieved zeolite particles exhibit an irregular block-like 
polyhedral morphology. The particle sizes generally range from 1 to 6 μm, with a few particles 
reaching 8–10 μm. Fig.2b displays the XRD pattern of the natural zeolite powder, indicating that it 
primarily consists of calcium aluminosilicate compounds, including Al₀.₅Si₀.₇₅O₂.₂₅·xH₂O, CaSi₂O₄, 
CaAl₂O₄, CaCO₃, and SiO₂.  

Fig. 3 presents XRD patterns of different coatings and the XPS spectra of the NZP-15g 
sample. As shown in Fig.3a, the MAO coating primarily consists of α-Mg, MgO, Mg₂SiO₄, and 
Ca₃Al₂Si₃O₁₂. With increasing NZP content, the Mg substrate peaks at 36° and 62° gradually 
decreases, indicating enhanced coverage of the substrate by the MAO layer. Combined with the 
findings from Fig.1, this suggests that the coating pores are effectively filled with NZP, leading to 
increased coating density. Since the XRD results in Fig.3a do not show a distinct NZP phase 
compared to the NZP-0g coating, XPS analysis was conducted on the NZP-15g coating, which 
contains a moderate amount of NZP (Fig.3b–d). The full XPS spectrum (Fig.3b) confirms the 
apperance of Mg, Al, O, Ca, Si, and C element. The binding energies were determined using the 
NIST X-ray Photoelectron Spectroscopy Database. To further distinguish NZP, high-resolution 
spectral analysis was performed for the characteristic elements Ca and Si. The high-resolution Ca 
2p spectrum (Fig.3c) exhibits peaks at 351.8 eV and 347.9 eV, and it is corresponded to Ca–O bonds 
and calcium aluminum silicate oxide (CASO). The Si 2p spectrum (Fig.3d) shows peaks at 101.8 
eV and 99.1 eV. These results confirm the of NZP is in the MAO layer. 

 
 

 
(a)                                         (b) 

 
Fig. 2. SEM and XRD pattern of natural zeolite powder particles. 
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Fig. 3. XRD patterns of different MAO samples and XPS spectra of the NZP-15g sample. 
 
 
Fig. 4 presents SEM and EDS analysis of different layer at 500× magnification. The SEM 

image of the NZP-0g coating (Fig.4a) reveals a surface characterized by numerous pores and cracks. 
These cracks are not only abundant and large in size but also show a tendency to interconnect. The 
EDS analysis of the NZP-0g coating indicates that its surface contains Mg, O, P, and Si. The surface 
morphology of the NZP-10g, NZP-15g, and NZP-20g coatings (Fig.4b-d) aligns with the 
observations in Fig.1. As the NZP content increases, pores of varying sizes in the MAO layer 
gradually become filled with NZP particles, with the number of sealed pores increasing accordingly. 
From EDS results for the NZP-10g, NZP-15g, and NZP-20g coatings, it can be seen that the surface 
presents Mg, O, P, Si, and Al. With increasing NZP content, enriched regions of Al and Si appear on 
the coating surface, and their locations correspond closely to the areas where NZP has sealed the 
pores, confirming the incorporation of NZP into prepared layer. For the NZP-15g coating, most 
pores are sealed except for a few larger ones. In the NZP-20g coating, all small pores are completely 
sealed, and some larger pores exceeding 10 μm in size are also filled. However, as shown in Fig.4d, 
the large pores sealed by NZP still exhibit slight gaps at the interface with the MAO surface. This 
encapsulation mechanism suggests that NZP is captured during the MAO layer formation, where 
molten material simultaneously adsorbs NZP into the coating and encapsulates it as the layer grows 
outward, ultimately leading to the closure of large pores. 
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Fig. 4. SEM images and EDS analysis of different MAO samples. 
 
 
Fig. 5 presents the SEM cross-sectional and EDS analysis of different coatings. As shown 

in Fig.5a, the cross-section of the NZP-0g coating contains numerous cavities, with some pores 
extending from the outer surface into the middle layer of the coating. The EDS analysis of NZP-0g 
reveals that the coating primarily consists of Mg, O, P, and Si. Fig.5-d demonstrate that with 
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increasing NZP content, the number of cavities and cracks extending from the outer layer inward 
decreases in the NZP-10g, NZP-15g, and NZP-20g coatings. Additionally, the location of the 
cavities shifts from the interior toward the outer region of the coating. A comparison of Fig.5d and 
5a indicates that the NZP-20g coating exhibits significantly higher density than the NZP-0g coating.  

 

 

 

 

 
 

Fig. 5. SEM and EDS plots of different MAO sample cross sections. 
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The EDS analysis of the NZP-10g, NZP-15g, and NZP-20g cross-sections shows that the 
coatings are primarily composed of Mg, O, P, Si, and Al. Due to the low Ca content in NZP, it is not 
distinctly detected in the EDS results. With increasing NZP content, Al and Si elements become 
increasingly enriched at the cross-sectional surface and near the outer region of the coatings. It is 
indicated that NZP is both incorporated into the coating and adsorbed onto the surface. Based on 
these findings, the incorporation of NZP into the MAO layer occurs via two mechanisms: 1) NZP 
participates in the coating formation by embedding into the outer and inner surfaces of the coating. 
This mechanism helps seal larger pores and relieves residual stress in the coating, reducing the 
tendency for crack formation. 2) NZP does not directly contribute to coating formation but is 
adsorbed onto the outer surface during the solidification process. This mechanism primarily reduces 
small pores on the prepared surface. 

Fig. 6 presents the polarization curves and electrochemical impedance spectroscopy (EIS) 
plots of different samples. From Fig.6a,we can see that the corrosion potentials of the samples from 
NZP-0g to NZP-20g are -1.51 V, -1.50 V, -1.42 V, and -1.50 V, respectively, indicating that the NZP 
content has a minimal impact on the corrosion potential and corrosion tendency. The calculated 
corrosion current density decreases from 7.32×10⁻⁶ A/cm² (NZP-0g) to 1.22×10⁻⁶ A/cm² (NZP-20g), 
representing an approximately sixfold reduction. A larger Nyquist arc radius corresponds to 
improved corrosion resistance[10].  

 

 

 
 

Fig. 6. Polarization curves and EIS results of different addition of NZP, a) Polarization curves. b)Nyquist 
plots. c) Bode-modulus diagrams. d) Bode-phase diagrams. 
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As evident in Fig.6b, the Nyquist arc radius of the coating increases progressively with the 
NZP content. The NZP-20g sample exhibits the largest capacitive reactance radius of 1.69×10⁴ 
Ω·cm², which is approximately four orders of magnitude higher than that of NZP-0g (22 Ω·cm²). In 
the Bode plots, there is a higher phase angle under high frequencies and greater impedance under 
mid-to-low frequencies indicate enhanced corrosion resistance[11]. As illustrated in Fig.6c and 6d, 
the increase in NZP content leads to an increase in high-frequency phase angle and mid-to-low-
frequency impedance. At 10⁵ Hz, the phase angle of NZP-20g reaches 46.2°, nearly twice that of 
NZP-0g (26.9°). At 10⁻² Hz, the impedance |Z|f=0.01 of NZP-20g increases by three orders of 
magnitude from 77.6 Ω·cm². 

Fig. 7 presents the XRD patterns of different samples after immersion in 3.5 wt.% NaCl 
solution for 168 hours. As shown in the figure, the primary corrosion product formed after 168 hours 
is identified as Mg(OH)₂. With increasing NZP content, the peak intensities of the (011), (101), and 
(110) crystal planes of Mg(OH)2 gradually decrease, indicating a reduction in the amount of 
Mg(OH)2 formed due to corrosion. This result suggests that NZP contributes to enhancing the 
corrosion resistance of the MAO coating. 

 

 
 

Fig. 7. XRD pattern after immersion in 3.5 wt.% NaCl solution for 168h. 
 
 
Fig. 8 presents the SEM and EDS results of different specimen after immersion in 3.5 wt.% 

NaCl solution for 168 hours. As shown in Fig.8a we can see that there are pits and cracks, with 
visible of corrosion-induced spalling. However, as the NZP content increases, the surface pores of 
the coating become sealed, resulting in improved coating integrity. The SEM images at 1500× 
magnification reveal that during the corrosion process, NZP plays a crucial role in sealing pores, 
inhibiting crack propagation, and enhancing the cohesion of the protective coating. Typically, the 
degradation of the MAO coating is attributed to stress induced by volume changes caused by the 
precipitation of corrosion products from the coating. The corroded surface of the coating presents a 
network-like morphology with cracks and spalled fragments. However, with increasing NZP content, 
the stable integration of NZP within the MAO coating impedes the destructive effect of corrosion 
products. As shown in Fig.8c, in the NZP-15g coating, the embedded NZP inhibits crack formation 
even after the outer MAO layer has partially peeled off. Similarly, in Fig.8d, the NZP embedded in 
the MAO layer of the NZP-20g coating prevents coating detachment, confining corrosion to the 
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coating surface. This finding suggests that NZP mitigates stress cracking induced by the volumetric 
expansion of corrosion products. EDS analysis detected Cl, which may originate from magnesium 
chloride; however, its concentration is too low to be detected by XRD. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 8. SEM Morphology of corroded surface immersed in NaCl solution for 168h.  

 

4. Conclusion 
 
The addition of 20 g/L NZP into the electrolyte can make the MAO layer be enhanced pore-

sealing properties. The reducing the porosity can be reduced from 15.78% to 7.4%. The self-
corrosive current density is decreased from 7.32×10⁻⁶ A/cm² to 1.22×10⁻⁶ A/cm². Meanwhile, the 
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impedance is increased from 77.6 Ω·cm² to 3.72 × 10³ Ω·cm² with three orders of magnitude. The 
incorporation of NZP effectively can reduce the formation and accumulation of corrosive products 
when immersion on the surface. This approach, which utilizes untreated NZP, is both simple and 
cost-effective, contributing to resource efficiency and environmental sustainability. 
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