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Most of the magnesium alloys are relatively reactive and tend to suffer corrosion. Consequently, 

surface modifications are performed to enhance the corrosion resistance and paint adhesion of the base 

magnesium alloys. This work discuss with the non-chromate conversion coating on LZ91 magnesium 

alloy. The conversion coating treatment is conducted in an acidic cerium/permanganate solution with 

adding the different acidity regulators. These additives can adjust the pH value of the solution and 

influence the formation of anti-corrosion coatings on LZ91 substrate. The microstructure and 

composition of the conversion coating are characterized using SEM, EDS and cross-sectional TEM. 

The potentiodynamic polarization test, electrochemical impedance spectroscopy and salt spray test 

results show that the corrosion resistance of LZ91 alloy is markedly improved by the acidic 

cerium/permanganate conversion coating. The corrosion protection efficiency is related with the 

acidity regulator in the conversion solution. The film thickness also depends upon the acidity regulator 

used. Besides, micro-cracks are more obvious on the coating formed in the phosphoric acid bath. 

Therefore, the coating formed in the sulfuric acid bath does provide the LZ91 plate better corrosion 

protection when compared to the coating formed in the phosphoric acid bath. 
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1. INTRODUCTION 

Magnesium is the eighth most abundant element on the earth and its alloys have excellent 

physical and mechanical properties such as low density, high specific strength, good damping effect, 

and excellent electromagnetic shielding characteristics [1, 2]. However, the corrosion resistance of 

magnesium alloys is poor. Several surface treatments have been developed to improve the corrosion 

resistance. Among the various treatments, chemical conversion treatment is an efficient and low cost 
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technology to provide anti-corrosion and paint adhesion properties on magnesium alloys. 

The hexavalent chromate conversion coating (CCC) has been widely used to promote the 

corrosion resistance of magnesium alloys during the past years [3-5]. The hexavalent chromate 

conversion coating of self-healing functionality has proven to provide superior corrosion resistance for 

magnesium alloys. The self-healing functionality provides an additional benefit that the coating itself 

can regenerate a new one when damaged. Nevertheless, owing to the high toxicity, the use of Cr (VI) 

species has been prohibited according to the RoHS directive (Restriction of Hazardous Substances 

Directive). 

Phosphate/Permanganate conversion coating has been studied for substituting chromate 

conversion coating in recent years [6-16]. In our previous study, a phosphate/permanganate conversion 

coating was processed on an AZ31 alloy in strong acidic solution (pH ＜ 2), which was found to 

promote the growth rate of the coating [17]. Meanwhile, instead of a porous and cellular structure of 

Mg(OH)2, a more compact layer of MnO2 and good corrosion resistance was observed. Therefore, the 

conversion solution containing one primary component (KMnO4) and another minor additive 

(Ce(NO3)3) in strongly acidic electrolyte, including the phosphoric acid (H3PO4) bath and sulfuric acid 

(H2SO4) bath was used to treat the LZ91 Mg alloy in this study. The effects of different treatment 

solutions on the microstructure and composition of the conversion coating were investigated. The 

microstructure and composition of the conversion coating were characterized using scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). The corrosion resistance of the 

coating was characterized by potentiodynamic polarization tests, electrochemical impedance 

spectroscopy (EIS) and salt spray teat (SST) analyses. The results show that the coating treated in the 

H2SO4 bath could provide excellent corrosion protection on a LZ91 sheet. 

 

 

 

2. EXPERIMENTAL 

2.1. Conversion coating treatment 

A cold-rolled LZ91 plate was used as the test materials, which contained 9.73 wt.% Li, Zn 

wt.% 0.85, and Mg balance. The plate with 1.5 mm thick was cut into the size of 50 mm × 25 mm. 

Then the cut substrates were mechanically ground with emery paper from 400 to 1200 grit. Finally, the 

pretreated substrates were rinsed with deionized water and dried with an air stream. 

 

Table 1. The composition and pH of the conversion solution used in this study (Time: 30 s, 

Temperature: 25℃ and pH=1.5). 

 

The conversion solution KMnO4 Ce(NO3)3 H3PO4 H2SO4 

phosphoric acid bath 0.1 M 0.02 M adjust pH value  － 

sulfuric acid bath 0.1 M 0.02 M － adjust pH value  
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The composition of the manganese-based conversion solution was shown in Table 1. In 

addition to reducing the solution pH with the addition of phosphoric acid (H3PO4) as commonly 

studied previously, another acidity regulator (sulfuric acid; H2SO4) was also used for comparison. The 

conversion coatings were prepared by immerging LZ91 Mg alloy samples in the phosphoric acid 

solution and sulfuric acid solution at 25 ℃ and pH=1.5, respectively. The treatment time was fixed at 

30 s. After conversion coating treatment, the LZ91 plate was thoroughly rinsed in deionized water and 

then left to dry in room temperature air overnight [6, 18-19]. 

 

2.2. Microstructural Analyses 

The surface morphology of the conversion coating was investigated using scanning electron 

microscopy (SEM, JEOL JSM-7800F Prime FEG-SEM). The thickness of the conversion coating was 

measured on the cross-sections of the coupons via transmission electron microscopy (TEM, FEI Tecnai 

G2 F20) and the crystalline structure of the coating was identified using the selected area electron 

diffraction (SAED). On the other hand, cross-sectional TEM was employed to investigate the detailed 

microstructure of the coating. The cross-sectional sample was prepared by a Focused Ion Beam and 

Electron Beam System (FIB, SII 3050SE). Finally, the composition of the conversion coating was 

measured using energy-dispersive spectrometry (EDS) equipped in SEM and TEM, respectively. 

 

2.3. Properties of the conversion coating 

The adhesion of the conversion coating was measured by standard tape test according to the 

ASTM D3359-97.  The electrochemical characteristics of the coating were investigated using a 

Potentiostat (VERSASTAT4, Princeton Applied Research) in a three-electrode cell consisting of a 

platinum sheet as the counter electrode and a saturated calomel electrode (SCE) as the reference 

electrode. The measurements were conducted in a solution containing 3.5 wt.% sodium chloride (NaCl) 

at 25℃. The potentiodynamic polarization curves were obtained by scanning at a rate of 1 mV s
−1

 from 

−300 mV to +500 mV with respect to the OCP. The impedance spectra were acquired using a 

sinusoidal wave with amplitude of 5 mV over the frequency range between 10
-2

 Hz and 10
5
 Hz. EIS 

data were analyzed by fitting to proper electrical equivalent circuit using Zimpwin software (version 

3.21). Finally, the corrosion behavior of the bare and coated LZ91 alloys was also evaluated after 48 h 

salt spray test in accordance with ASTM B117-03 and ASTM D610-08 standard. All adhesion tests, 

electrochemical tests and SSTs were conducted in triplicate to confirm the reproducibility of results. 

 

 

 

3. RESULTS 

3.1. Surface Morphology and Composition of the Coatings 

Fig. 1 showed the surface morphology of the coating formed in the phosphoric acid bath and 
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sulfuric acid bath, respectively. Polishing grooves left after mechanical polishing remained visible on 

the coupon after both treatments. Meanwhile, micro-cracks were more obvious on the coating formed 

in the phosphoric acid bath. Figure 1(b) shows the results in larger, evenly-distributed micro-cracks 

with wider openings. Relatively small micro-cracks were observed on the coating formed in the 

sulfuric acid bath. Micro-cracks are frequently observed on the magnesium alloys after phosphating [6, 

10, 18-20] or acid pickling [21-22]. They are ascribed to result from dehydration during the post-

immersion drying process [10, 18, 20-21].  

 

 
 

Figure 1. Surface morphology of the LZ91 alloy treated in the phosphoric acid bath (a) and (b), as well 

as of that treated in the sulfuric acid bath (c) and (d). 

 

Table 2. The chemical composition of the conversion coating on LZ91 plates measured by the EDS 

equipped in the SEM. 

 

 Element - Atomic% 

 O Mg Ce Mn P S Total 

phosphoric acid bath 
42.3 

(±1.8) 

42.5 

(±2.2) 

1.6  

(±0.3) 

8.4 

(±0.4) 

5.2 

(±0.2) 
－ 100 

sulfuric acid bath 
43.3 

(±1.1) 

38.8 

(±1.2 

3.1  

(±0.3) 

14.4 

(±0.4 
－ 

0.4 

(±0.2) 
100 

 

Table 2 shows the composition of the various coating detected by EDS in SEM. The both 
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coatings mainly contained magnesium (Mg), oxygen (O), Cerium (Ce) and manganese (Mn) species, a 

similar trend regarding its change in composition. Further the coatings formed in the sulfuric acid bath 

resulted in insignificant comprise in the sulfur (S) contents, while a slight increase in Mn and O and a 

slight decrease in Mg (compare to the phosphoric acid bath).  

 

3.2. Cross-Sectional TEM 

A more detailed cross-sectional morphology was shown using TEM (bright field image). Fig. 2 

shows the cross-sectional TEM of the coating formed in the phosphoric acid bath. The thickness of the 

conversion coating was about 260 nm (indicated by the double arrows). Compare with the 

conventional phosphate-permanganate conversion coating on Mg alloy, which consists of the 

multilayered structure [18, 20, 23], the coating of the present study presents a single-layered structure 

as shown in Fig. 2(a). Fig. 3 showed the cross-sectional TEM of the coating formed in the sulfuric acid 

bath. In comparison to Fig. 2, the coating formed in the sulfuric acid bath presents a thicker thickness 

(600~650 nm) and is relatively compact.  

On the contrary, micro-cracks were more obvious on the coating formed in the phosphoric acid 

bath (Fig. 1). Thus, it depends on the composition of the coating.  

 

Table 3. The chemical composition of the conversion coating on LZ91 plates measured by the EDS 

equipped in the TEM. 

 

 Element - Atomic% 

 O Mg Ce Mn P S Total 

phosphoric acid bath 

(point A) 

70.7 

(±1.1) 

14.4 

(±0.5) 

0.2  

(±0.1) 

6.3 

(±0.4) 

8.4 

(±0.8) 
－ 100 

sulfuric acid bath 

(point B) 

75.9 

(±1.2) 

10.5 

(±1.1) 

3.1 

(±0.2 

10.3 

(±0.8) 
－ 

0.2  

(±0.1) 
100 

 

Table 3 shows the results of the EDS spectra taken from each film (at the middle site) observed 

in the TEM. In addition to Mg and O species, the film contained a significant amount of Mn and P 

species, suggesting that the coating formed in the phosphoric acid bath was composed of Mn oxide, 

Mg/P chemical compound and Mg hydroxide (as the minor phase). Moreover, the signal intensity of 

Mn from the coating in the phosphoric acid solution decreases substantially and there was only a small 

amount of Ce. It is consistent with the EDS analyses of the SEM. Finally, both selected-area electron 

diffraction (SAED) patterns comprised diffused halos indicating that those coatings had a poor 

crystallinity (Fig. 2(b) and Fig. 3(b)). 
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Figure 2. Cross-sectional TEM characterization of the LZ91 alloy treated in the phosphoric acid bath 

for 30 s. 
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Figure 3. Cross-sectional TEM characterization of the LZ91 alloy treated in the sulfuric acid bath for 

30 s. 
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3.3. Corrosion resistance of electrochemical analysis 

Potentiodynamic polarization and EIS measurement were conducted to evaluate the corrosion 

resistance of the various coated LZ91 plates in 3.5 wt.% NaCl solution. The polarization curves of bare 

LZ91 and the coated LZ91 plates are shown in Fig. 4.  

 

 

 
Figure 4. Potentiodynamic polarization curves of bare LZ91 and the conversion coated LZ91 samples 

in 3.5 wt.% NaCl solution. 

 

The electrochemical values of the corrosion potential (Ecorr) and the corrosion current density 

(Icorr) are listed in Table 4.  

 

Table 4. Results of potentiodynamic polarization tests of bare LZ91 and the conversion coated LZ91 

Mg alloy in 3.5 wt.% NaCl solution. 

 

 Bare LZ91 Phosphoric acid bath Sulfuric acid bath 

Ecorr (VSCE) -1.62 (±6.88 x 10
-3

) -1.59 (±5.76 x 10
-3

) -1.53 (±8.52 x 10
-3

) 

Icorr (µA/cm
2
) 15.6 (±2.75) 7.58 (±1.28) 1.05 (±0.36) 

βa (V/decade) 0.035 (±1.08 x 10
-4

) 0.109 (±3.38 x 10
-4

) 0.324 (±1.01 x 10
-4

) 

βc (V/decade) -0.155 (±4.81 x 10
-4

) -0.117 (±3.63 x 10
-4

) -0.076 (±2.36 x 10
-4

) 

 

Compared to the bare LZ91, a shift in the corrosion potential toward the active direction was 
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observed for the LZ91 with the coatings formed in the phosphoric acid bath or sulfuric acid bath. This 

difference is likely to be associated with cracks formed during the drying process [10, 23]. And, the 

higher corrosion potential of the coating formed in the sulfuric acid bath compared to that formed in 

the phosphoric acid bath can be related to the presence of Mn oxide. This result is consistent with the 

EDS analyses of the SEM and TEM [14-15]. However, the phosphoric acid bath coated LZ91 had a 

larger corrosion current density than the sulfuric acid bath coated LZ91. Apparently, the coating 

formed in the phosphoric acid bath did not afford the LZ91 plate corrosion protection. In contrast, the 

coating formed in the sulfuric acid bath reduced the corrosion density of the LZ91 plate, as compared 

to the bare LZ91 [19, 24-26].  

 

 

 
Figure 5. The Nyquist plot ant the fitted curves of the various LZ91 samples. 

 

Fig. 5 shows the Nyquist plots and the fitting curves of bare LZ91 and the various coated LZ91 

plates. All Nyquist plots displayed two well-defined capacitive loops appearing at high and medium 

frequencies, respectively. In addition, they couple with low frequency inductive loop except the LZ91 

treated in the sulfuric acid bath. A comparison of the Nyquist plots shows: (1) The capacitive loops 

were larger in diameter for the LZ91 with the conversion coatings compared to the bare counterpart, 

indicating that the conversion coatings improved the corrosion resistance of LZ91 alloys because the 

size of the capacitive loop is a characteristic of the impedance of the specimen. (2) The treatment in the 

sulfuric acid bath led to an increase in the diameter of the capacitive loop. Accordingly, the LZ91 
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plates treated in the sulfuric acid bath had the largest impedance, signifying the conversion coating 

improved its protective capability in the test solution. (3) The low frequency impedance of the LZ91 

plates treated in the phosphoric acid bath was lower than that of the coated LZ91 plates treated in the 

sulfuric acid bath. The reduced impedance of the former specimens is possibly related to the coating 

adjacent to the substrate was loosely, which was evident by TEM (Fig. 2(b)). 

The EIS data was further simulated using the equivalent circuit shown in Figure 6, where Rs 

represents the solution resistance. Song investigated that a porous Mg(OH)2 with lower protection 

capability was formed on magnesium in corrosion tested solutions, where corrosion proceeded in the 

film-free areas [27-28]. Baril successfully characterized the EIS of pure magnesium in Na2SO4 

solutions and found that the high frequency impedance was associated with the charge transfer reaction 

at the film-free areas and the medium-frequency impedance was related to the diffusion of Mg
2+

 in 

porous Mg(OH)2 [29].  

 

 
 

Figure 6. The equivalent circuit models for the simulation of the Nyquist plots on the various LZ91 

samples. 

 

Therefore, the impedance response of the bare LZ91 can be fitted by the equivalent circuit 

shown in Fig. 6, where the constant phase element (Qf) (in the ZSimpWin program, Q stands for CPE 

in the circuit) and resistance (Rf) of the film model the properties of the corrosion product (presumably 

Mg(OH)2); a parallel combination of a constant phase element representing double layer capacitance 

(Qdl) and charge transfer resistance (Rct) models the characteristic of the film-free areas.  
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Table 5. The fitted value of equivalent electric circuit extrapolated from EIS simulations for LZ91 

substrate and various conversion coated AZ91D plates tested. 

 

 Bare LZ91 Phosphoric acid 

 bath 

Sulfuric acid 

 bath 

Rs (ohm.cm
2
) 

30.0 

(±3.51) 

26.1 

(±2.32) 

41.8 

(±4.49) 

Qf (s
n
.μohm

-1
.cm

-2
) 

45.3 

(±2.76) 

36.2 

(±2.13) 

10.1 

(±0.78) 

Qf - n 
0.88 

(±8.58 x 10
-3

) 

0.88 

(±8.27 x 10
-3

) 

0.91 

(±6.58 x 10
-3

) 

Rf (ohm.cm
2
) 

4.24 x 10
2
 

(±3.66 x 10
1
) 

2.39 x 10
3
 

(±1.52 x 10
2
) 

2.53 x 10
3
 

(±1.84 x 10
2
) 

Qdl (s
n
. μohm

-1
.cm

-2
) 

7.58 x 10
3
 

(±1.38 x 10
3
) 

1.50 x 10
3
 

(±96.6) 

2.36 x 10
2
 

(±12.1) 

Qdl - n 
0.86 

(±8.50 x 10
-3

) 

0.90 

(±4.43 x 10
-2

) 

0.91 

(±4.60 x 10
-2

) 

Rct (ohm.cm
2
) 

9.57 x 10
1
 

(±1.03 x 10
1
) 

5.53 x 10
2
 

(±5.46 x 10
2
) 

2.65 x 10
3
 

(±1.59 x 10
3
) 

 

Table 5 summarizes the simulated values of the electric elements using the ZSimpWin 3.21 

software for various LZ91 specimens. On the other hand, because the conversion coating effectively 

increased the size of the two capacitive loops, the Nyquist plot of the conversion coated LZ91 can be 

characterized by two capacitive loops attributed to the coating effect and charge transfer [30-34], 

where Qf and Rf model the properties of the conversion coating; Qdl and Rct model the characteristic of 

the coating/substrate interface.  

 

3.4. Adhesion and salt spray test 

Table 6. The adhesion test results of the various Conversion Coatings. 

 

Conversion bath 
Classification Percent Area Removed 

phosphoric acid bath 5 B 0 %, None 

sulfuric acid bath 5 B 0 %, None 

 

In order to evaluate the adhesion of the various conversion coatings, cross hatch adhesion tests 

results were used to verify the degree of coating peeled off, as shown in Table 6. The results showed 

that all coatings have the great adhesion with a classification of 5 B. It illustrates that the coatings 
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remained completely after the cross hatch adhesion tests and no severe damage occurred.  

 

 

Table 7. The percentage of corrosion area and rust grade on the various coated plates after 12, 24, 36 

and 48 h salt spray test. 

 

 
Corrosion area fraction (%) and Rust grade 

12 h 24 h 36 h 48 h 

phosphoric acid bath ＜10 (4) ＜16 (3) ＜16 (3) ＜33 (2) 

sulfuric acid bath ＜1 (6) ＜1 (6) ＜1 (6) ＜3 (5) 

 

The results of the SST for the coated LZ91 alloys are shown in Fig. 7, and the quantification of 

the corrosion area and rust grade were given in Table 7.  

 

 

 
 

Figure 7. Optical images of the coated LZ91 plates formed in the phosphoric acid and sulfuric acid 

bath after salt spray test for various durations respectively. 

 

The corroded area fraction after 12 h of the SST was approximately 100 % for the bare LZ91 

(not shown here). The data of the specimens was recorded each 12 hours during the salt spray test for 

the purpose to study the corrosion process. For the coated LZ91, there was less than 1 % corrosion area 

for the sample treated in the sulfuric acid bath in the first 12 hours except the sample treated in the 

phosphoric acid bath, which was shown around 10 % corrosion area on it. After 24 hour, all specimens 
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increased around 0.5 % and 3 % corrosion area respectively. And at the end of the test, LZ91 plate 

treated in the sulfuric acid bath had less than 3 % corrosion area, which was the based demand for the 

corrosion resistance in the industrial applications. 

 

 

 

4. CONCLUSIONS 

The different acid baths induces a complex effect on both the composition and microstructure 

of the coating. Specifically, a thinner coating is formed in the sulfuric acid bath and contains smaller 

cracks which exhibits a better corrosion resistance than that formed in the phosphoric acid bath. The 

effect of the acidic solution on the microstructure and corrosion resistance of the conversion coating on 

LZ91 magnesium alloys has been detailed. The conclusions are listed as follows: 

1. The coated LZ91 plates are mainly composed of Mg, O, and Mn species by using EDS 

equipped in TEM. The Mn content of the coating formed in the phosphoric acid and sulfuric acid bath 

are approximately 6.3 and 10.3 at.%, respectively. 

2. The average thickness of the coatings formed in the phosphoric acid and sulfuric acid 

bath is 260 and 625 nm, respectively. Cracks are formed due to the dehydration of the coating during 

drying after conversion process. 

3. The corrosion current densities of the coated LZ91 formed in the phosphoric acid and 

sulfuric acid bath are 7.58 µA/cm
2
 and 1.05 µA/cm

2
, respectively. Comparison of each resistance 

element (Rf and Rct), the coated LZ91 formed in the sulfuric acid bath had largest Rf and Rct, which is 

consistent with the results that the conversion coating became compact as the immersion proceeded. 

4. The coated substrate exhibited a better corrosion resistance than the uncoated one based 

on the SST results. Especially, the coated LZ91 formed in the sulfuric acid bath has higher corrosion 

resistance than other specimens. 

5. From all the results, it is suggested that the SO4
2— ions in the conversion solution plays 

a less important role. In contrast, the PO4
3— ions promotes the formation of insoluble or sparingly 

soluble phosphate precipitates in the conversion coating. 
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