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ZrO2-Mg2ZrO12-MgO composite oxide coating was obtained on AZ91D Mg alloy via MAO (microarc 

oxidation) technique in an alkaline phosphate solution with K2ZrF6 and ZrO2 nanoparticles. The 

influence of K2ZrF6 and ZrO2 nanoparticles on the thickness, microstructure, elemental composition, 

and anti-corrosion property of the MAO coatings were investigated. Added K2ZrF6 in the solution 

improved the forming efficiency of MAO coating. Due to the self-sealing effect of ZrO2·nH2O colloid 

particles produced by K2ZrF6 hydrolysis, the hole size and quantity in the MAO coating surface 

decreased. Moreover, K2ZrF6 induced nano-Mg2ZrO12 to appear in the MAO coating. On the contrary, 

the MAO coating prepared in the K2ZrF6 free solution composed mainly of MgO and non-

crystal phosphate. The MAO coating had better compactness and anti-corrosion property which 

fabricated in the solution with 10 g/L K2ZrF6. The thickness, compactness, and anti-corrosion property 

of the MAO coating were further enhanced because of the addition of ZrO2 nanoparticles in the solution 

containing 10 g/L K2ZrF6. 
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1. INTRODUCTION 

Microarc oxidation (MAO) technique can produce ceramic oxide coatings solidly bonded to Mg 

and its alloys, remarkably improve their anti-corrosion property [1-3]. The phase components of MAO 

coatings on Mg alloys are MgO and other minerals originated from solutions, such as MgSiO4, 

Mg3(PO4)2, MgAl2O4, Mg2ZrO5, Mg2TiO4, TiO2, ZrO2, and MgF2 [4, 5]. In moist or acidic environments, 

MgO would absorb water to swell and dissolve, and the coating cannot effectively protect Mg alloy 

substrates in the long term [6-8]. Therefore, MAO coating on Mg alloy with excellent chemical stability 
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and compact structure should be prepared through harnessing the characteristics of MAO solution to 

participate in coating formation.  

ZrO2 has such characteristics as high hardness, low thermal conductivity, good thermal and 

chemical stability. It has been widely used in the preparation of anti-resistant coating, anti-corrosion 

coating, thermal barrier coatings, and other surface protection coatings [9,10]. ZrO2 can be introduced 

into MAO coating to improve its chemical stability and protective effect. In previous studies, researchers 

added a small amount of sodium acetate, oxalic acid, phosphoric acid, phosphate, and other additives to 

K2ZrF6 solution to prepare MAO coating consisting primarily of ZrO2, Mg2Zr5O12, MgF2, and a small 

amount of MgO [8, 11-20]. These coatings exhibited better density, chemical durability, and anti-

corrosion property than the coatings composed mainly of MgO. However, these solutions are acidic and 

corrosive to Mg alloy substrates and MAO equipment.  

In order to avoid dissolution of Mg alloys in acidic K2ZrF6 solution, Lee [21,22] used an alkaline 

phosphate and an acidic K2ZrF6 solution to obtain oxide coatings via a two-step MAO technique. The 

final MAO coating consisted mostly of Mg2Zr5O12, ZrO2, and a small amount of MgO and MgF2. The 

anti-corrosion property of MAO coating was drastically improved because of fewer micropores. Z.U. 

Rehman’s research showed that the MAO coatings obtained via the two-step method showed better 

compactness and chemical stability, and their hardness and anti-corrosion property were markedly 

improved [23]. However, two-step MAO increased the processing steps, that was a limitation. 

The previous researches showed that MAO coatings consisting mainly of ZrO2, Mg2Zr5O12 and 

MgF2 can also be prepared using alkaline K2ZrF6 solutions [24-32]. Cai [26] prepared MAO coatings 

composed of Al2O3, ZrO2, MgO, MgF2, and MgAl2O4 in a solution consisting of NaAlO2, K2ZrF6, and 

KOH on AZ91D Mg alloy. Research by Cui showed that self-sealing MAO coatings consisting of t-ZrO2, 

MgSiO3, MgF2, MgO, and non-crystal phosphate were prepared in K2ZrF6-containing solution [27]. 

These coatings were denser, less defective, and exhibited better anti-corrosion property. Mu obtained 

three types of MAO coatings using three different solutions of K2ZrF6, NaAlO2, and Na2SiO3, 

respectively [30]. The MAO coating prepared in K2ZrF6 solution mainly consisted of t-ZrO2, Mg2Zr5O12, 

and MgF2, which was the densest and showed the best anti-corrosion property. In a solution consisting 

of K2ZrF6, NH4H2PO4, and C6H12N4, Liu prepared oxide coatings composed of ZrO2, MgF2, and MgO 

on Mg alloys by MAO. ZrO2 was homogeneously distributed in the whole coatings, MgF2 was largely 

existed in the holes and cracks of the coatings, and MgO was predominantly present in the internal dense 

layer near the substrate [33, 34]. 

MAO coatings with better anti-corrosion properties can be obtained in alkaline solutions 

containing K2ZrF6, but those solutions are generally unstable. With time extension, ZrO2·nH2O particles 

produced by ZrF6
2– hydrolysis will reunite and convert to ZrO2·nH2O precipitation, which is difficult to 

disperse, resulting in reduced performance of the MAO coatings or no coatings can be prepared in those 

solutions. Many investigations have indicated that ZrO2 particles in the MAO solution of Mg alloys can 

continuously enter the oxide coatings under the driving action of electric force and mechanical stirring, 

reduce the size and quantity of holes in the MAO coating [2,4,35-43]. These particles undergo reactions 

of crystal transformation under the high temperature of discharge spark and react with MgO to produce 

Mg2ZrO5, and reduce the MgO content in the oxide coatings. As a result, the compactness, chemical 

durability, and anti-corrosion property of the MAO coating have been enhanced. However, most MAO 
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solutions for magnesium alloy will be difficult to prepare a complete MAO coating or cannot form a 

coating at all after being stopped for a short period of one or two days [44]. 

In previous works, K2TiF6 and K2ZrF6 was added to solutions consisting of (NaPO3)6, NaOH, 

and (HOCH2CH2)3N to produce TiO2 and ZrO2 colloidal particles via in situ hydrolysis through synergy 

between those components [45-48]. During MAO process, TiO2 colloidal particles participated in 

coating formation and improved the thickness, compactness, and anti-corrosion property of the MAO 

coating on Mg alloys. Moreover, these solutions were stable and could still be normally used for more 

than one year. In this study, K2ZrF6 and ZrO2 nanoparticles were added in a base solution consisting of 

(NaPO3)6, NaOH, and (HOCH2CH2)3N to fabricate MAO coating on AZ91D Mg alloy. The aims were 

to develop a novel and stable MAO solution with K2ZrF6, obtain oxide coating containing zirconium 

oxides, and increase the anti-corrosion property of Mg alloy.  

 

 

 

2. EXPERIMENTAL 

Specimens of AZ91D Mg alloy with Φ25 ×8 were used as the substrates. A base solution 

containing (NaPO3)6 (6 g/L), NaOH (3 g/L), and (HOCH2CH2)3N (10 ml/L) was modified with various 

content K2ZrF6 from 0 to 16 g/L. In addition, t-ZrO2 nanoparticles (Nanjing Mingshan advanced 

materials, China) of about 200 nm was used as an additive of the solution with optimum K2ZrF6 content. 

After added ZrO2 nanoparticles, the solution was treated by ultrasonically dispersing for 30 min and then 

mechanical stirring for  30 min prior to MAO, and the mechanical agitation was maintained 

throughout the whole MAO process. 

The MAO treatment of AZ91D Mg alloy was performed by using a pulsed electrical source (JX-

MAO, Lanzhou Jingxin, China) providing positive pulse voltages. During the MAO process, AZ91D 

sample was anode, and a sheet of stainless steel (dimension: 60 × 40 × 1 mm) was used as cathode. 

The MAO parameters are described in Reference [49]. 

The thickness of the MAO coatings was assessed by an eddy thickness gauge (Time2284, China). 

The morphologies of the coatings were assessed by a scanning electron microscopy (SEM, FEI, Quanta 

2000, Japan), while its chemical composition was determined by an energy dispersion X-ray 

spectrometry (EDS, OXFORD LINK ISIS, UK). The phases of the coatings were identified by a X–ray 

diffraction (XRD, Bruker D8 ADVANCE) with a scanning speed of 6 °/min. The microstructure of the 

coatings was also investigated by a transmission electron microscopy (TEM, JEM-2100F, Japan). 

The method of preparation TEM sample was elaborated in Reference [47]. 

The anti-corrosion property of the coatings was examined by electrochemical impedance 

spectroscopy (EIS) test via an electrochemical workstation (CHI-660E) and a three-electrode cell. At 

least 5 samples were tested at each condition for adequate statistics. The experiment parameters and 

details were used as described in previous studies [48,49]. 
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3. RESULTS AND DISCUSSION 

3.1 Effect of K2ZrF6 

Fig. 1 indicates the average thicknesses of the MAO coatings prepared in the solution with 

various content of K2ZrF6. With the increasing of K2ZrF6 content, the thicknesses of the coating 

increased firstly and then decreased. The coating formed in the K2ZrF6 free solution was about 22 μm, 

which fabricated in the solution with 10 g/L K2ZrF6 increased to about 35 μm. However, the coating 

thickness gradually decreased when K2ZrF6 content exceeded 10 g/L. K2ZrF6 was hydrolyzed to produce 

ZrO2·nH2O colloidal particles, K+ and F- in alkaline solutions. On one hand, ZrO2·nH2O colloidal 

particles originated from K2ZrF6 increased the coating formation rate, and on the other hand, F- 

decreased the coating formation rate. As a result, the coating thickness was the highest in the solution 

with 10 g/L K2ZrF6. 

 

 

 
 

Figure 1. The average thickness of the MAO coatings prepared in the base solution with 

various content of K2ZrF6. 

 

 

Fig. 2 provides the surface morphology of the MAO coatings prepared in the solution with 

various content of K2ZrF6. Numerous holes and granular attachments of varying sizes appear on the 

surface of the coatings. These holes and attachments were caused by spark discharge. It can be seen that 

K2ZrF6 addition drastically changed the surface micromorphology of the coatings. For the coating 

formed in the K2ZrF6 free solution, the diameter of the hole was reached about 40 μm. K2ZrF6 content 

was within 0–10 g/L, and as more amounts of K2ZrF6 were added, the diameter of the discharge holes 

gradually decreased. For the coating formed in the solution with K2ZrF6, the hole size was less than 10 

μm. When the K2ZrF6 content exceeded 10 g/L, the size of the discharge hole gradually increased. In 

addition, numerous holes in MAO coatings prepared in the solutions with K2ZrF6 were filled with 

sediments, rendering them closed or semiclosed. Thus, the addition of K2ZrF6 provided the solution with 

self-sealing effect. In the solution with K2ZrF6 content of 10 g/L, most holes on the coating surface were 
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enclosed by sediments, and only few micropores with smaller apertures were not closed, as shown in 

Fig. 2(d). K2ZrF6 was hydrolyzed in an alkaline solution to produce ZrO2·nH2O colloidal particles that 

absorb negative charges from the surface [27, 47]. In MAO process, adsorption of negatively charged 

ZrO2·nH2O colloidal particles that absorb negative charge could enter the channel produced by the spark 

discharges under the effects of electric field and mechanical agitation. These particles participated in a 

series of MAO reactions with the components from substrate and solution in the discharge channels. The 

reaction products were then deposited in the discharge channel due to rapid cooling of the surrounding 

solution, thereby closing the remaining holes. With increasing of K2ZrF6 content in the solution, the 

number of ZrO2·nH2O particles increased, and its role in filling closed holes became extensive. 

Therefore, the size and quantity of holes in the MAO coating both decreased. As provided in Fig. 2(e) 

and Fig. 2(f), the size and quantity of holes in the coatings increased when K2ZrF6 content exceeded 10 

g/L. The ZrO2·nH2O colloidal particles increased in size with further increasing of the K2ZrF6 content 

due to agglomeration of small ZrO2·nH2O particles. Meanwhile, the electric field force and mechanical 

agitation on the particles’ driving effect would be weakened. It possibly became difficult for ZrO2·nH2O 

particles to enter the discharge channel, and the self-sealing effect would reduce. This result suggested 

that the ZrO2·nH2O colloidal particles play the decisive role in the solution’s self-sealing effect. The 

holes were weak positions in the MAO coatings and even accelerated the corrosion rate of the substrate 

as a transmission channel for Cl– ions [3, 50]. The solution containing K2ZrF6 showed self-sealing effect, 

the MAO coating could effectively isolate the substrate from external moist environment, thereby 

enhanced the anti-corrosion property of Mg alloys. 

The chemical composition of the MAO coating fabricated in the solution with various content of 

K2ZrF6 are compiled in Table 1. The coating obtained in the solution without K2ZrF6 was consisted 

primarily of O, P, Na, Mg, and Al. Added K2ZrF6 caused the appearance of K, Zr, and F in the MAO 

coatings, and their contents increased with the increasing of K2ZrF6 content. Moreover, K2ZrF6 reduced 

the contents of O, Mg, P, Al, and other elements on the coatings surface. The decrease in the content of 

Mg elements indicated that the contents of the associated MgO and Mg3(PO4)2 were reduced, and this 

reduction was helpful to increase the chemical durability and anti-corrosion property of the MAO coating.  

 

Table 1. Chemical composition of the MAO coatings prepared in the base solution with 

various content of K2ZrF6. 

 

Content of K2ZrF6 Element composition (at.%) 

(g/L) O P Mg Al  Na  Zr F K 

0 50.3 13.1 32.9 2.0 1.7  - - 

4 51.9 8.7 30.2 0.7 2.0 4.3 2.4 0.4 

8 50.5 7.1 28.1 0.4 2.3 5.6 5.7 0.4 

10 48.4 6.6 28.8 0.5 1.7 6.9 6.4 0.5 

12 47.2 5.4 29.6 0.5 1.9 8.1 6.7 0.7 

16 47.9 4.8 27.6 0.6 2.0 9.2 6.9 1.0 
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Figure 2. Surface micromorphology of the MAO coatings prepared in the base solution with various 

content of K2ZrF6, (a) 0 g/L, (b) 4 g/L, (c) 8 g/L, (d) 10 g/L, (e) 12 g/L, and (f) 16 g/L. 

 

 

XRD patterns of the MAO coating prepared in the solution with various content of K2ZrF6 are 

displayed in Fig. 3. For the coating prepared in the K2ZrF6 free solution, the peak of MgO and Mg were 

defined, as shown in Fig. 3(a). Phosphorus element was detected by EDS. However, compounds related 
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to P (e.g. Mg(PO3)2, Mg3(PO4)2) were not confirmed by XRD, which indicates that they exist in non-

crystal phase in the MAO coatings. As K2ZrF6 was added to the solution, diffraction peaks related to 

Mg2Zr5O12 appeared. In the XRD pattern, the relative content of a certain phase increased, and the 

intensity of the diffracted rays increased [51]. As K2ZrF6 content increased in the solution, the relative 

strength of the Mg2Zr5O12 (003) crystal face (2θ =30.644°, PDF 41-0185) increased, indicating that the 

Mg2Zr5O12 relative content in the coating increased. Moreover, the relative strength of the main strong 

peak of the MgO (111) (2θ =43.037°, PDF 87-0653) reduced, indicating that its relative content in the 

coatings decreased. Mg2Zr5O12 is a compound formed via solid solution reaction by MgO and ZrO2 

within a high temperature range of 2123–2373 K [52]. The production of Mg2Zr5O12 could gradually 

reduce the content of elemental MgO, which was also benefit to improve the chemical durability of the 

MAO coating in moist or acidic environments.  

 

 
 

Figure 3. XRD patterns of the MAO coatings prepared in the base solution with various content of 

K2ZrF6, (a) 0 g/l, (b) 4 g/l, (c) 8 g/l, (d) 10 g/l, (e) 12 g/l, (f) 16 g/l. 

 

 

The TEM micrographs of the MAO coating fabricated in the solution with 10 g/L K2ZrF6 are 

presented in Fig. 4. It is evident from Fig. 4(a) that the grain size of black particle is about 5-20 nm. 

HRTEM image of circled area in Fig. 4(b) displays two types of plane which correspond to (0 0 3) 

crystallographic plane of Mg2Zr5O12 (d spacing 2.915 Å, PDF 41-0185) and (1 1 1) crystallographic 

plane of MgO (d-spacing 2.431Å, PDF 87-0653), respectively. Non-crystal phase also can be observed 

in the image. ZrO2·nH2O colloidal particles in this solution system were nanoscale, and the size of ZrO2 

particles formed after drying and dehydration was considerably smaller than that of colloidal particles 

because of the double electric structure of colloidal particles. ZrO2·nH2O particles entered into the spark 

discharge channels, dehydrated at high temperatures, and then converted to ZrO2. MgO reacted with 

ZrO2 to form a nanoscale Mg2Zr5O12, and deposited onto the anode surface to form MAO coatings.  
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Figure 4. TEM (a) and HRTEM (b) image of the MAO coatings fabricated in the solution with 10 g/L 

K2ZrF6. 

 

 

Fig. 5 shows the representative EIS testing results of the MAO coatings prepared in the solution 

with various content of K2ZrF6. Due to different morphology and phase structure, the MAO coating 

prepared in different solution displayed different corrosion behaviors in the EIS test. The EIS data can 

be analyzed with a circuit model, as shown in Fig. 6 [53–55]. As reported in previous studies, anti-

corrosion property of the MAO coating depended largely on the inner compact layer (Rb), because this 

layer had more compact structure than the outer porous layer [56]. The average Rb value of different 
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MAO coatings are presented in Fig. 7. It was clear that added K2ZrF6 obviously improved the anti-

corrosion property of the coating. With increasing K2ZrF6 content in the range from 0 – 10 g/L, the anti-

corrosion property of the MAO coatings increased. However, anti-corrosion property of the coating 

gradually decreased when the K2ZrF6 content exceeded 10 g/L. It was indicated that at 10 g/L of K2ZrF6, 

the MAO showed the best corrosion resistance. It is widely accepted that anti-corrosion property of the 

MAO coating was influenced by its thickness, composition, phase composition, compactness, and 

surface defects (holes and cracks). The coating thickness gradually increased as K2ZrF6 content in the 

solution increased, as shown in Fig. 1. In general, the greater is the coating thickness, the better protection 

of the substrate will be. Holes and cracks are the weak parts of coatings, and these parts are relatively 

less resistant to Cl– ions. Studies had revealed that these parts will even accelerate pitting corrosion of 

the substrate. Therefore, fewer holes and cracks in MAO coating produce smaller diameters, thus better 

protective effect on the substrate is achieved. As illustrated in Fig. 2(d), quite a few holes in the MAO 

coating fabricated in the solution with 10 g/L K2ZrF6 were mostly enclosed by oxidation 

reaction products. The composition and each phase relative content of the MAO coating obtained in 

different solutions showed obvious differences, as shown in Fig. 3. An increase in K2ZrF6 content 

increased the relative content of Mg2Zr5O12 in the coatings. This increasing in relative Mg2Zr5O12 content 

was also the reason for the difference in anti-corrosion property of these MAO coatings. Under synergy 

effect among these factors, the MAO coatings obtained when Mg2Zr5O12 content was 10 g/L in the 

solution showed the best anti-corrosion property. Moreover, this solution was stable and could still be 

normally used after being stored for more than one year, and the prepared MAO coatings were basically 

no different from the fresh solution. 

 

 

 

Figure 5. Bode plots of the MAO coatings prepared in the solution with various content of K2ZrF6. 
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Figure 6. Circuit model for fitting the EIS dates. 

 

 
 

Figure 7. The Rb value of the MAO coatings fabricated in the solution with various content of K2ZrF6. 

 

 

3.2 Effect of ZrO2 nanoparticles 

Many studies have demonstrated that nano- or micron-grade particles in Mg alloy MAO solution 

can participate in oxidation reactions, to change phase structures, to fill holes, and to improve anti-

corrosion property [4,40,57]. Therefore, 2 g/L t-ZrO2 nanoparticles were added to the solution consisted 

of K2ZrF6 (10 g/L), (NaPO3)6 (6 g/L), NaOH (3 g/L), and (HOCH2CH2)3N (10 ml/L) to study its 

influences on the characterization and anti-corrosion property of the MAO coating. ZrO2 nanoparticles 

increased the thickness of the coating from 35 to 45 μm. Fig. 8 provides the surface morphology of the 

MAO coatings prepared in different solutions. For the coating prepared in the solution containing ZrO2 

nanoparticles, most holes were enclosed by sediments, and a large number of raised and small particles 

existed. 
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Figure 8. Surface morphology of the MAO coatings prepared in the solution containing 10 g/L K2ZrF6 

without (a) and with (b) ZrO2 nanoparticles. 

 

 

Fig. 9 is cross section image (backscattered electron, BSE) of the MAO coatings. ZrO2 

nanoparticles improved the thickness and compactness of the MAO coating. In addition, high-brightness 

particles appeared in the coatings prepared in the solution with ZrO2 nanoparticles. The BSE image can 

reflect the morphology and element distribution of the samples. Since the surface morphologies of the 

MAO samples can be ignored, Fig. 9 shows mainly the distribution of elements in the cross section 

image. The atom with a large atomic order produced more backscattered electrons, and the brightness in 

the graph was also high. The presence of highlighted particles in Fig. 9(b) also indicated that ZrO2 

nanoparticles were involved in oxidation films and played a role in filling the holes in the films and 

increasing their denseness.  

 

 
 

Figure 9. Cross section image (BSE) of the MAO coatings prepared in the solution containing 10 g/L 

K2TiF6 without (a) and with (b) ZrO2 nanoparticles. 

 

 

Fig. 10(a) displays the XRD patterns of the MAO coatings. The relative intensity of the main 
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peak of the coating obtained in the solution with ZrO2 nanoparticles enhanced, which revealed that 

Mg2Zr5O12 relative contents in this coating was higher than that formed in the solution without ZrO2 

nanoparticles. To further studied the influences of ZrO2 nanoparticles on the phases of the coating, the 

XRD patterns from 29° to 33° are abstracted for further analysis, as displayed in Fig. 10(b). Observable 

peak shift happened, which should be attributed to the appearance of ZrO2 phase. The broad peak at 29°–

32° was a superposition of the (011) peak of t-ZrO2 (PDF 50-1089) and the (003) peak of Mg2Zr5O12 

(PDF 41-0185).  

 

 

Table 2. Fitting results of EIS data of the MAO coatings prepared in the solution containing 10 g/L 

K2ZrF6 with and without ZrO2 nanoparticles. 

 

Solution Rs 

(Ω·cm2) 

Rp 

(KΩ·cm-2) 

np  Qp 

(S-1·sn·cm-2) 

Rb 

(KΩ·cm2) 

nb 

 

Qb 

(S-1·sn·cm2) 

Without ZrO2  12.86 11.3 0.97 1.1×10-7 550 0.55 8.89×10-7 

With ZrO2  7.24 62.7 0.81 2.29×10-7 890 0.62 4.0×10-7 

 

 

Fig. 11 shows the bode plots of the MAO coatings prepared in the solution containing 10 g/L 

K2ZrF6 with and without ZrO2 nanoparticles. It can be seen that the two MAO coatings exhibit similar 

corrosion behavior, which indicating that their structure perpendicular to the direction of the substrate 

did not change. The EIS curves of the two MAO coatings were fitted with the equivalent circuit (as 

shown in Fig. 6), and the results are given in Table 2. For the coating prepared in the solution with ZrO2 

nanoparticles, it has higher resistance (Rp and Rb) than which formed in the ZrO2 nanoparticles free 

solution, especially Rb was increased significantly from about 550 kΩ∙cm2 to 890 kΩ∙cm2. Added ZrO2 

nanoparticles enhanced the thickness and compactness of the MAO coating. Moreover, the size of the 

holes was reduced because of ZrO2 nanoparticles, thereby reducing the corrosion of the MAO coatings 

by Cl– ions. 

 

 
 

Figure 10. (a) XRD patterns of the MAO coatings prepared in the solution containing 10 g/L K2TiF6 

with and without ZrO2 particles, (b) XRD patterns between 29° and 33°. 
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Figure 11. Bode plots of the MAO coatings prepared in the solution containing 10 g/L K2ZrF6. 

 

 

 

 

4. CONCLUSIONS 

1. Added K2ZrF6 in an alkaline phosphate solution increased the thickness of the MAO coating 

on AZ91D Mg alloy. Owing to self-sealing effect of the ZrO2·nH2O colloidal particles originated from 

K2ZrF6, the size and quantity of holes in the MAO coatings decreased.  

2. The MAO coating obtained in the K2ZrF6 free solution composed mainly of MgO and some 

non-crystal phosphate, and added K2ZrF6 induced nano Mg2ZrO12 and reduced the relative content MgO 

in the MAO coating. The MAO coating fabricated in the solution with 10 g/L K2ZrF6 demonstrated the 

best compactness and anti-corrosion property.  

3. t-ZrO2 was detected in the MAO coating obtained in the solution with K2ZrF6 and t-ZrO2 

nanoparticles. Moreover, the thickness, compactness, and demonstrated of the MAO coating were 

further enhanced because of adding ZrO2 nanoparticles. 
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