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Replacement of heavy alloys components with light-weight materials has been of prime concern for 

automotive and aerospace manufactures during the last decade. The main driving force behind such 

direction is to reduce the fuel consumption and hence polluted CO2 emission. ZE41 is one of the 

magnesium alloys that was proposed for this function owing to its promising mechanical performance. 

However, the high corrosion susceptibility is the main reason that limits spreading such alloy in 

industry. This paper provides a deep investigation on the electrochemical characteristics and 

morphology of the film formed as a function of Mn-coating  pHs in order to optimize the coating 

conditions. Results confirmed that the optimum coating pH is 7.5. Changing the coating pH around 7.5 

has a detrimental effect on the localized corrosion resistance.  

 

 

Keywords: permanganate treatment, ZE41 Mg-Zn-rare earth alloy, clean protective coatings, 

corrosion.  

 

 

1. INTRODUCTION 

Magnesium alloys have been proposed for automotive, electronics and aircraft industries owing 

to their attractive physical and mechanical properties, such as high thermal and electrical 

conductivities, low density, stiffness, mechanical stability, good vibration and shock absorption ability. 

Unfortunately, the very high corrosion susceptibility of magnesium is the main challenge that limits 

using these alloys in industrial applications. 

Many attempts have been invested to improve the corrosion resistance of Mg alloys. Some 

schemes have, indeed, been proposed, for example, changing the chemical composition of the alloys 

through addition of some rare-earth elements such as Zr, Ce, Nd,..etc (example is the alloy under 
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investigation in this paper), surface modification treatments prior to applying the coating, or the use of 

protective films and coatings. 

Coating was proved to be the most effective way to improve the corrosion resistance of 

magnesium. Several coating technologies are currently in use to provide adequate corrosion protection 

for magnesium alloys [1-46]. These include the electro- and electroless plating, conversion coatings, 

anodizing, hydride coatings, organic coatings and CVD and PVD. However, chemical surface 

treatments have proven to effectively improve the corrosion resistance of Mg alloys include anodising 

treatments and chemical conversion-coating treatments.  

The most effective process considering the feasibility issues for possible scaling-up in 

industrial application is the conversion coating technique. Chemical conversion coating have been 

extensively used for improving the corrosion resistance of magnesium alloys [3-46].  

Chromate baths containing hexavalent chromium compounds have been the most common 

industrial conversion coatings for steel, aluminum and magnesium alloys. Chromium conversion 

coating was the best ever during the last century to produce smart protective films with self-healing 

functionalities. However, chromate conversion coatings are now being banned due to their toxicity and 

carcinogenic effect. Accordingly, that triggered intensive research from industry and academia on the 

preparation of chrome-free coatings. 

Chrome-free eco-friendly conversion coatings for magnesium alloys have thus received ever-

increasing attention during the last decade, including environmentally acceptable salts of zirconate, 

vanadate, stannate, rare-earth metal salt, phosphate, titanate, and phosphate/permanganate conversion 

coatings [3-46]. Despite the intensive research efforts invested to optimize a chrome-free coating 

technology on magnesium alloys, the problem of replacement toxic chromate has not been resolved yet 

and, it is unfortunate that the toxic chromate are still used in the industry. 

Most, if not all, of the published data about permanganate conversion coatings are based on 

multi-step coating layers or surface treatments followed by a post-treatment in phosphate solution 

which makes the overall process quite unattractive [23-36, 41-45]. In this paper, the permanganate 

conversion coatings on magnesium ZE41 Mg-Zn-rare earth alloy were prepared using free immersion 

method in permanganate baths differing in pHs. The optimum permanganate coating bath 

concentration that can offer the best corrosion resistance to magnesium ZE41 Mg-Zn-rare earth alloy 

has been determined in a previous study to be 10 g/l [37]. The corrosion behavior of as-abraded and 

permanganate coated magnesium ZE41 Mg-Zn-rare earth alloy has been investigated by 

electrochemical impedance spectroscopy, cyclic voltammetry and linear polarization methods. The 

effect of changing the pH of the bath composition at pH values 5.5, 7.5, and 9.5 on the corrosion 

resistance of the coated alloy has been evaluated. Changing the morphology and chemical composition 

of the films formed as a result of changing the pH were investigated by the scanning electron 

microscopy (SEM-EDS) and X-ray diffraction (XRD) techniques and compared with the corrosion 

resistance of the as-abraded samples. 

 

2. EXPERIMENTAL 

 

2.1. Materials and surface preparation 
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Specimens of Elektron ZE41 in the form 30 x 60 x 3mm were cut from a sand cast plate 100 x 

200 x 25mm provided by Magnesium Elektron, UK. The alloy chemical composition and the 

specimens preparation were given in details elsewhere [37].  

 

2.2. Solutions and surface treatment 

 

The bath formulation of permanganate coatings investigated in this study are formed from 

aqueous solutions containing 10 g/l of KMnO4 using a free immersion processing technology that is 

very similar to that currently used for the toxic chromate system. A thin layer of manganese oxide 

conversion coatings is deposited on the magnesium alloy surface. Depositions are achieved in 10 

minutes and use commercially available chemical and equipment, making the overall process 

compatible with industrial operations such as those employed by current aircraft manufacturers. 

Solutions used in this work were prepared using potassium permanganate salt with different 

pHs. The ZE41 substrates were treated directly by simple free immersion in permanganate solutions at 

different pHs namely 5.5, 7.5, and 9.5 solutions for 10 minutes at room temperature. As-abraded 

samples (uncoated) were used as a blank. 

 

2.3. Testing 

 

The experimental setting for electrochemical impedance spectroscopy, linear polarization, and 

cyclic voltammetry measurements has been provided in details elsewhere [37]. The surface 

characterization conditions and instrumentations have been also provided in [37].   

 

3. RESULTS AND DISCUSSION 

 

The corrosion resistance of permanganate coated ZE41 Mg-Zn-rare earth alloy was 

investigated in views of the optimum permanganate solution pHs that can provide the highest 

corrosion resistance to Mg substrate. Our previous results showed that the optimum permanganate 

concentration which can offer the best corrosion resistance to Mg substrate is 10 g/l [37].  

In this paper we are attempting to optimize the permanganate coating pHs as a function of the 

corrosion inhibition characteristics of ZE41 Mg-Zn-rare earth alloy in NaCl solution. Consequently, 

we will use the optimum permanganate solution concentration (10 g/l) determined in the previous 

studies [37] as a base for determining the optimum pH. 

 

3.1. Visual inspection and macroscopic examination 

 

Macroscopic images of as-abraded ZE41 Mg-Zn-rare earth alloy panels showed severe 

localized (pitting and crevice) corrosion attack after one week of immersion in 3.5% NaCl solution 

(Fig. 1). Permanganate coated panels revealed formation of a Mn rich magnesium hydroxide film over 

the magnesium substrate. After one week of immersion in corrosive NaCl solution, the samples coated 

with permanganate at pH 5.5 and 9.5 showed severe pitting and crevice corrosion close to the behavior 
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of as-abraded sample. Conversely, the samples coated with permanganate at pH 7.5 showed the best 

corrosion protection. Only few tiny pits with limited areas of crevice corrosion were observed (Fig. 1). 

 

 

 

 

Figure 1. Macroscopic images show the effect of changing the permanganate coating pH on the 

corrosion resistance of ZE41 Mg-Zn-rare earth alloy after seven days of immersion in 3.5 % 

NaCl solution. As-abraded samples show pitting and crevice corrosion. pH 7.5 offers the best 

corrosion resistance. 

 

3.2. Pitting corrosion density  

A comparison between the pitting corrosion density of the as-abraded and permanganate coated 

samples at different pHs has been investigated. The average pitting density as calculated by visual 

inspection and microscopic examination after seven days of immersion in 3.5% NaCl solution is given 

in Fig. 2. Results showed that the high pitting susceptibility can be sorted in the following order: pH 

9.5 > as-abraded > pH 5.5 > pH 7.5. Accordingly, the film formed due to permanganate coating at pH 

7.5 is the best to offer acceptable localized corrosion resistance to Mg substrate. Changing the neutral 
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pH of permanganate coating (pH 7.5) towards acidic (pH 5.5) or alkaline (pH 9.5) enhances the 

formation of less protective films. 

 

 

 

Figure 2. Pitting corrosion density of as-abraded and permanganate coated samples at different pHs 

after one week of immersion in NaCl solution 

 

Decreasing the passivity due to changing the pHs either towards acidic or alkaline values can 

be attributed to the changes in the chemical composition of the film formed. The next section (3.3) 

discusses in details the possibility of changing the chemical composition as a function of pH using 

Pourbaix diagram.  

 

3.3. X-ray diffractometry (XRD) 

 
 

Figure 3. XRD analysis of the corrosion products formed at permanganate coated samples after 

immersion in NaCl solution  
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XRD analyses of the corrosion products formed over the as-abraded and permanganate coated 

samples are given in Fig. 3. Generally, no manganese peaks were identified. That may be due to 

formation a very thin-film of Mn at the Mg substrate which is out of the accuracy limits of the XRD 

instrument. However, XRD spectra of the corrosion products formed at pH 7.5 revealed presence of 

Mg as a metal while other coated samples at pH 5.5 or 9.5 revealed formation of magnesium hydroxide 

Mg(OH)2.  

Pourbaix diagram (Fig. 4) and the colors examination of the films formed in Fig. 1 provides an 

explanation for improving the stability of the dark brown film (Mn2O3) formed at pH 7.5.  Mn2O3 is a 

strong oxidizing agent and thermodynamically more stable (and theoretically more abundant) than the 

other films formed at different pH conditions under investigation. Indeed, this finding provides better 

understanding about the chemistry behind the presence of Mg metal in case of the samples coated at 

pH 7.5 and magnesium hydroxide Mg(OH)2 in the other samples coated. 

 

 
 

Figure 4. Pourbaix diagram for the Mn-O-H system (the area between the two diagonal lines from the 

upper left to the lower right in the diagram indicates the stability field of water at 298.15 k and 

10
5
 Pa. total concentration of elements is 10

−10
 mole/kg.) 

 

3.4. Corrosion tests 

A series of electrochemical experiments was performed on as-abraded and permanganate 

coated ZE41 Mg-Zn-rare earth alloy panels in corrosive chloride medium in order to determine the 
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optimum pH conditions for improving the localized corrosion resistance and, consequently, to 

investigate potential protective coating for such promising material in order to spread its use in 

industry.  

 

3.4.1. Electrochemical impedance spectroscopy 

 

 

Figure 5. Nyquist plots for as-abraded and permanganate coated magnesium samples at different pHs 

after one week of immersion in 3.5 %NaCl solution 

 

The corrosion resistance of as-abraded and permanganate coated ZE41 Mg-Zn-rare earth alloy 

panels at pH 5.5, 7.5 and 9.5 were investigated in corrosive 3.5% NaCl solution. According to Nyquist 

plots (Fig. 5), the best resistance and capacitance values were obtained for the panels coated with 

permanganate at pH 7.5. The surface resistance of the samples coated with permanganate solution at 

pH 7.5 is almost three times larger than the resistance of the sample coated with permanganate at pH 

5.5 and six times larger than the resistance of the sample coated with permanganate at pH 9.5. The 

measured surface resistances can be sorted in the following order 1.40x10
3
 Ω.cm

2
, 0.50x10

3
 Ω.cm

2
,
 

0.41x10
3
 Ω.cm

2
, and

 
0.25x10

3
 Ω.cm

2
 for pH 7.5, pH 5.5,  as-abraded, and pH 9.5 respectively. This 

preliminary result allows conditions to be established for optimization of the pH of permanganate 

coatings for improving the corrosion protection of ZE41 Mg-Zn-rare earth alloy in corrosive chloride 

solutions.  

 

3.4.2. Polarization measurements 

 

The stability of the film formed on ZE41 Mg-Zn-rare earth alloy panels after permanganate 

coatings at pH 5.5, 7.5 and 9.5 was evaluated in a 3.5% NaCl solution. The resultant coatings at pH 

7.5, tested in the presence of aggressive chloride ions, revealed a shift towards more passive current 

when compared with other samples coated at pH 5.5 and 9.5 as shown in Table 1 and Fig. 6. 
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Moreover, the lowest corrosion rate (C.R.) values were obtained from the permanganate coated 

samples at pH 7.5 (Table 1). The value of corrosion rate was ~ 0.02 mm/y which is lower than the 

values obtained from samples coated at pH 9.5, equals to 1/3 of the values obtained from samples 

coated at pH 5.5 and 1/10 the as-abraded panels (Table 1).  

 

 
 

Figure 6. Linear polarization for as-abraded and permanganate coated magnesium samples at different 

pHs after 30 minutes of immersion in 3.5 %NaCl solution 

 

Table 1. Polarization data for as-abraded and permanganate coated magnesium samples at different 

pHs after 30 minutes of immersion in 3.5 %NaCl solution 

 

 Rp (Ohm)  E Corr (V)  I Corr  (A/cm
2
)  C.R. (mm/year) 

  

As-abraded  14.98  -1.729 5.324*10
-7

  58.07*10
-2

  

PH 5.5  11.81  -1.646  8.439*10
-6

  6.32*10
-2

  

PH 7.5  92.27  -1.655  4.562*10
-6

  1.96*10
-2

  

PH 9.5  44.02  -1.641  2.963*10
-6

  2.22*10
-2

  

 

The polarization resistance (Rp) of the permanganate coated panels at pH 7.5 was measured to 

be 92.27 Ω which is more than double of the panels coated at pH 9.5, nine times of the panels coated at 

pH 5.5, and approximately eight times of the as-abraded panels (Fig. 6 and Table 1). 

It is clearly apparent that the corrosion current density and corrosion rate are changed 

significantly with changing the permanganate coating pHs. The ZE41 Mg-Zn-rare earth alloy panels 

coated with permanganate at pH 7.5 showed the highest current density and lowest corrosion rate. In 
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addition, the limiting current of the ZE41 Mg-Zn-rare earth alloy panels coated with permanganate at 

pH 7.5 showed a significant shift towards the negative (more passive) direction compared to the other 

samples. These results provide another evidence that that treatment at pH 7.5 offers the best corrosion 

resistance.  

 

3.4.3. Cyclic voltammetry (CV) measurements 

  

 

 

Figure 7. Cyclic voltammetry for as-abraded and permanganate coated magnesium samples at 

different pHs after one week of immersion in 3.5 %NaCl solution 

 

The influence of changing the permanganate coating pH on the pitting corrosion behavior of 

ZE41 Mg-Zn-rare earth alloy panels was studied in 3.5% NaCl solutions. Cyclic potentiodynamic 

technique (Fig. 7) was used to evaluate the pitting corrosion resistance after one week of immersion in 

NaCl solution. The importance of this technique and its validity to provide a clear-cut about the pitting 

corrosion behavior have been discussed elsewhere [39, 40, 46].  

Results showed that the pitting area under the loop, which represents the chance of pitting 

corrosion to occur; of the permanganate coated panels at pH 7.5 is smaller than the other coated 

samples at pH 5.5 and 9.5. That finding is in agreement with the other results obtained from EIS, linear 

polarization, calculated pitting corrosion density, maco- and micro-images.  

Surprisingly, the area under the loop of the as-abraded samples is relatively smaller than that 

obtained from the permanganate coated panels at pH 7.5 (Fig. 7). This result doesn't match with the 

pitting corrosion density data calculated in Fig. 2 and the impedance spectra in Fig. 5 where the 

measured surface resistance of permanganate coated panels at pH 7.5 was 1.40x10
3
 Ω.cm

2
 which is 

about four times the value of as-abraded samples 0.41x10
3
 Ω.cm

2
.  

The apparent disagreement between the EIS (Fig. 5) and the pitting corrosion density data 

calculated in Fig. 2 from one hand; and the CV results (Fig. 7) from the other hand, can be explained 
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by the fact that the measured surface resistance by EIS expresses the total surface resistance including 

the pitting, crevice, and general corrosion while CV data represents the pitting corrosion only. In fact, 

the sharp potential difference between the rare-earth-metals phase formed (Fig. 8 left) in ZE41 Mg-Zn-

rare earth alloy (acts as cathode) and the surrounding Mg matrix (acts as anode) results in originating 

an electrochemical cell and enhancing the galvanic corrosion at the interfaces.  Increasing the 

immersion time of ZE41 Mg-Zn-rare earth alloy in corrosive NaCl solution, results in debonding of the 

inert cathodic phase of rare-earth elements which can be dropped from the matrix leaving a hole (Fig. 

8 right). 

 

 

 

Figure 8. SEM-EDS of as-abraded ZE41 Mg-Zn-rare earth alloy panels before (left) and after (right) 

corrosion. The images focus on the formation of rare-earth elements phase in a Mg matrix and 

the possible galvanic corrosion at the interfaces 

 

3.5. Microscopic examination using SEM-EDS   

SEM micrograph of the as-abraded samples before corrosion (Fig. 8) revealed presence of a 

rare-earth metals phase in the Mg matrix as explained above. After one week of exposure to NaCl 

solution, severe localized corrosion has been identified as shown in Fig. 8. SEM indicated that 

galvanic corrosion initiated at the interface between the rare-earth metals phase and the Mg matrix in 

addition to pitting corrosion.  
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Changing the surface morphology of ZE41 Mg-Zn-rare earth alloy after applying permanganate 

coatings at different pHs is illustrated in Figs. 9, 10, and 11. Generally, a permanganate thin-film was 

formed at Mg surface. However, the film formed due to permanganate coating at pH 7.5 has a much 

better surface distribution and almost free from the coating defects compared to the other coated 

samples that showed some surface defects through them localized corrosion can occur (Figs. 9, 10, 11). 

 

 

 

Figure 9. SEM-EDS of permanganate coated  ZE41 Mg-Zn-rare earth alloy panels at pH 5.5 before 

(left) and after (right) corrosion. The images focus on the formation of a thin Mn-coating with 

some defects and occurrence of pitting corrosion 

 

The presence of few pitting zones in the permanganate coated panels at pH 7.5 can be 

attributed to formation of very thin Mn-rich film formed (XRD in Fig. 3 was not able to detect the 

presence of Mn due to the accuracy limits). This film behaves as barrier to protect the material 

substrate from the reaction with dissolved oxygen in Cl
-
 solution and hence impedes the localized 

corrosion by shifting the cathodic reaction to more noble current (Figs. 6, 7 and Table 1). This result 

supports the idea of formation of a stable dark brown film (Mn2O3) which is a strong oxidizing agent 

and thermodynamically more stable (and theoretically more abundant) than the other films formed 

(Fig. 4). 
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Figure 10. SEM-EDS of permanganate coated  ZE41 Mg-Zn-rare earth alloy panels at pH 7.5 before 

(left) and after (right) corrosion. The images focus on the formation od uniform and smooth 

Mn-thin film and an example of a tiny pit. 

 

 

 

Figure 11. SEM-EDS of permanganate coated  ZE41 Mg-Zn-rare earth alloy panels at pH 9.5 before 

(left) and after (right) corrosion. The images focus on the formation of a thin-film of 

permanganate with many surface defects and an example of pitting corrosion. 
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4. CONCLUSION 

 

1- Alloying with rare earth elements enhances the galvanic corrosion and decrease the 

overall corrosion resistance of Mg alloys.  

2- The optimum permanganate solution pH was found to be pH 7.5 (neutral solution pH) 

which has proven to offer the best localized corrosion resistance upon immersion in chloride 

containing environments.   

3- The importance of this study is that it provides a simple coating technology for 

improving the corrosion resistance of ZE41 Mg-Zn-rare earth alloy panels in corrosive chloride 

medium. Finding a potential protective coating technology for such promising magnesium alloy will 

help the manufactures to spread its application in industry. 
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