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Rare-earth ZE41 alloy possesses unique mechanical properties. However, the sharp potential 

difference between the rare-earth phases (cathode) inside the Mg matrix (anode) results in building up 

micro-electrochemical cells and enhancing galvanic corrosion. In chloride solution, the galvanic 

corrosion propagates and enhances intergranular corrosion around the rare-earth phases. At the end, the 

rare-earth phase can be debonding from the matrix leaving holes. The optimum conditions for 

obtaining protective Mn-coatings of improved corrosion resistance for ZE41 alloy were determined. A 

simple one step surface treatment in 10 g/l Mn coating for short time was found promising to improve 

the localized corrosion resistance.  
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1. INTRODUCTION 

Weight reduction of automobiles is one of the most effective ways of improving fuel 

consumption, since the resistance of a vehicle to rolling, climbing and acceleration is directly 

dependent on its mass. Weight reduction in aircraft is similarly appropriate. Consequently, there is 

increasing research and industrial interest in the automotive and aerospace industries in replacing 

traditional, heavy materials with light weight materials such as magnesium- and aluminum-based 

alloys, and multi-material solutions, with the aim of reducing fuel consumption and CO2 emissions. 

Magnesium alloys, with densities of only about one-quarter that of steel and two-thirds that of 

aluminum are, therefore, expected to find increasing application.  

Kulekci [1], reviewed and evaluated the applications of magnesium in the automotive industry 

and concluded that reasonable prices and improved properties of Mg alloys will lead to massive use of 
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magnesium. Compared to the heavy materials currently in use, using Mg alloys results in a 22% to 

70% weight reduction. In addition, the use of magnesium in automotive components is increasing as 

knowledge of forming processes of Mg alloys increases. 

Magnesium alloys have a variety of excellent properties, including a high strength-to-weight 

ratio, low density, dimensional stability and castability. However, the high corrosion susceptibility of 

magnesium alloys, particularly galvanic corrosion, is a current challenge to overcome to enable their 

wider application in industry. Additionally, cost is an issue, which may be alleviated by wider use of 

recycled materials. 

A series of magnesium alloys containing a minor percentage (0.8-1.7%) of rare-earth elements 

such as ZE41 has been designed by Magnesium Elektron. ZE41 is a magnesium casting alloy of 

medium strength which is ideal for high integrity casting operating at ambient temperatures. Moreover, 

as described by the manufacturer, the alloy is both pressure-tight and weldable [2]. 

The promising mechanical properties of this alloy make it of interest to aerospace, automotive 

and military materials designers. However, it has been reported that the corrosion resistance of such 

material is relatively low and amounted to be 4-6 mg/cm
2
/day (320-489 mpy) as measured by salt 

spray test according to ASTM B117 [2].  

Chromates conversion coatings have proven to provide excellent corrosion protection to most 

ferrous and non-ferrous alloys due to formation of a tri/hexa-valent chromate layer of a self-healing 

functionality [3-14]. However, chromates have been detrimental due to their high toxicity as 

environmental waste and carcinogenic effects. The pressure imposed to fulfill the environmental and 

health regulations has been a significant driving force promoting the development of chromate free 

alternatives. 

Many attempts have been made to improve the corrosion resistance of magnesium alloys, with 

different coatings and surface treatments being applied to enhance their surface resistance. Different 

schemes of conversion coatings based on eco-friendly salts such as molybdate, cerate, permanganate, 

phosphate, stannate,...etc, have been proposed as alternatives to the process involving toxic hexavalent 

chromate.  

Ardelean, et al. [15, 16], investigated the corrosion protection of AZ91 and AM50 magnesium 

alloys by cerium, zirconium and niobium-based conversion coatings in Na2SO4 electrolyte. 

Electrochemical measurements showed that Mg alloys treated during 24 h in the Ce–Zr–Nb conversion 

bath exhibit: (i) increased corrosion potential, (ii) decreased corrosion and anodic dissolution current 

densities, and (iii) increased polarization and charge transfer resistances. The accelerated corrosion 

tests revealed excellent atmospheric corrosion resistance for all Ce–Zr–Nb-treated samples, with or 

without an additional layer of epoxy–polyamide resin lacquer or paint. The authors claimed that the 

proposed coating can replace chromates and provide improved corrosion resistance, and excellent paint 

adhesion for magnesium alloys. 

In another study, Ardelean et al [17], successfully designed a new Nb + Zr-based anodized 

coating for the corrosion protection of AZ91 magnesium alloy in Na2SO4 electrolyte. XPS analysis 

indicated that the coating mainly consisted of (i) magnesium metaborate and metaphosphate, (ii) MgF2 

and ZrF4, and (iii) Nb2O5, ZrO2 and MgO. A higher concentration of fluorine at both interfaces and an 
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enrichment in Zr compared to Nb were revealed by SEM and EDS analyses. Thus, Zr-based 

compounds and MgF2 play a key role in the anti-corrosion ability of the coating. 

Chong and Shih [18], developed permanganate–phosphate coatings for AZ magnesium alloys. 

XRD results revealed formation of amorphous structures to cover the surface. The electrochemical 

polarization demonstrated that the presented conversion treatment for the series of AZ alloys had an 

equivalent corrosion protection potential as the JIS H 8651 MX-1 (similar to Dow No. 1) chrome-

based method. 

Other researchers have studied the non-chromate treatments that use acids and potassium 

permanganate. Takaya [19] proposed a permanganate-based bath, which provided very good corrosion 

resistance to AZ91D. Umehara et al. [20] also adopted permanganate, incorporated with HNO3 or HF, 

as the constituents for the conversion treatment. Their study showed the corrosion resistance of the 

treated AZ91D to be equivalent to that of the Cr
6+

 process.  

Hwang et al [21], studied the plasma electrolytic oxidation (PEO) process in AZ91 Mg alloy 

using a solution containing KOH + KF + Na2SiO3 both with and without KMnO4. It was found that the 

addition of KMnO4 to the electrolyte influences coating thickness, surface morphology and the 

microstructure of oxide layers. Oxide layers formed by the electrolyte containing KMnO4 consist of 

MgO, MgF2, Mg2SiO4 and Mn2O3. The corrosion resistance of the sample processed in bath containing 

KMnO4 was superior to that of the sample processed in the bath without KMnO4. They suggested that 

enhancement of the corrosion resistance of AZ91 Mg alloy depends strongly on the presence of 

manganese oxide in the oxide layer.  

In another study, Hwang et al [22], investigated microstructure, corrosion resistance 

characteristics and nanohardness of the oxide layer on AZ91 Mg alloy by applying different voltage 

with KMnO4 contained solution. There are lots of closed pores that are filled with another oxide 

compound compared with the typical surface morphology with pore coated until 350 V of coating 

voltage. The thickness of oxide layer increases with increasing coating voltage. The oxide layer 

formed on AZ91 Mg alloy in electrolyte with KMnO4 consists of MgO and Mn2O3. Corrosion 

potential of the oxide layer on AZ91 Mg alloy obtained at different PEO reaction stages increases with 

increasing coating voltage. The corrosion resistance of AZ91 Mg alloy depends on the existence of the 

manganese oxide in the oxide layer. The inner barrier layer composed of the MgO and Mn2O3 may 

serve as diffusion barrier to enhance the corrosion resistance and may partially explain the excellent 

anti-corrosion performance in corrosion test. Nanohardness values increase with increasing coating 

voltage. The increase in the nanohardness was attributed to the effect of manganese oxide in the oxide 

layer on AZ91 Mg alloy coated from electrolyte containing KMnO4. 

However, most of the existing methods are frequently unable to produce the surface properties 

desired for many industrial applications, where magnesium alloys would otherwise be highly 

competitive. The main challenges with the existing coating methods are the cost, or they are based on 

multi-step coatings, with long treatment times, and involve relatively complicated procedures for 

formation of complex coatings with more than one oxide of elements such Si, Ce, Zr, Nb etc. 

Therefore, provision of eco-friendly, cost-effective, industrially-applicable coating technologies, with 

ready application to magnesium alloys in the transportation sector, are at the heart of this work. 
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Over the past two decades, Hamdy and his workgroup have successfully designed several 

chrome-free protective coatings that have proven to provide superior corrosion resistance and, in some 

cases, self-healing functionality for different magnesium alloys using stannate, vanadate, cerate, 

zirconate [23-38].  

A new treatment focuses on a permanganate conversion coating layer has been proposed in this 

study. This paper reports an attempt for utilizing such coating to improve the corrosion resistance of 

the ZE41 magnesium alloy in chloride containing media. Permanganate salts have many advantages 

over most of the other salts used before in chrome-free coatings manufacturing. Permanganate salts are 

quite cheap compared with cerium, vanadium, zirconium, and stannate salts. Moreover, permanganate 

is safer than salts like cerium and vanadium to human and environment. 

The objective of this work is to determine the optimum conditions under which permanganate 

based coatings can provide good corrosion protection for ZE41 magnesium alloy substrate. The 

corrosion behavior was studied in 3.5%NaCl solution open to air and at room temperature by means of 

EIS and cyclic potentiodynamic polarization techniques. Surface examination was performed by SEM-

EDS, optical microscopic examination and visual inspection. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and surface preparation 

Specimens of Mg-Zn-rare earth alloy 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 specimens were 

abraded to 800 # finish, degreased, washed, and dried. The alloy chemical composition, as provided by 

the supplier [2], is Zinc 3.5-5.0%, rare earths 0.8-1.7%, Zirconium 0.4-1.0%, and Magnesium balance. 

 

2.2. Solutions and surface treatment: 

The coatings are deposited from aqueous solutions containing potassium permanganate using a 

very simple spontaneous 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 by a chemical process. Depositions are achieved in 10 minutes and use 

commercially available chemical, materials 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 from potassium permanganate salt with different 

concentrations. The ZE41 magnesium alloy substrates were treated directly in permanganate solutions 

at different concentrations namely 0, 5, 10, 15, 25 and 50 g/l at the neutral solution pH for 10 minutes 

open to air and at room temperature. As-abraded samples (uncoated) were used as a blank. 
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3. ELECTROCHEMICAL TESTING 

3.1. Electrochemical Impedance Spectroscopy (EIS):  

EIS technique was used to evaluate the electrochemical behavior of the uncoated (as-polished) 

and coated magnesium samples in 3.5% NaCl solution open to air and at room temperature for up to 

seven days. The experimental setting for EIS tests has been described in details elsewhere [30]. 

 

3.2. Cyclic potentiodynamic polarization measurements:  

Cyclic potentiodynamic polarization measurements of the samples previously immersed for 

seven days in 3.5% NaCl solution were made at a scan rate of 0.07 mV/s using Autolab PGSTAT 30. 

The potential was recorded starting from a cathodic potential (-200 mV vs OCP) and be allowed to 

sweep to anodic potential direction till a sudden shift in the current to the active direction will be 

observed. At that point the sample will be enforced to sweep again in the cathodic direction. The 

exposed surface area was 2.54 cm
2
. All curves were normalized to 1 cm

2
. 

 

3.3. Surface characterization:  

SEM and EDS were used to examine the surface morphology of the coated samples before and 

after the immersion in 3.5% NaCl solution. SEM images of the samples that immersed in 3.5% NaCl 

for seven days, washed with deionized water and then dried and coated with gold to improve the 

images quality were obtained using a Sanxiao cy-828.900 W. Each analysis was preformed three times 

at different spots using screen analysis at very high magnification covering the all size of the spot. 

Macroscopic images were taken using Digital Optical metallographic microscope VHX-100K, 

KEYENCE, Japan, to investigate the types of corrosion produced on the substrate surfaces after seven 

days of immersion in 3.5% NaCl solution. 

 

 

 

4. RESULTS AND DISCUSSION 

4.1. Surface Examination 

4.1.1. Visual inspection and macro-images  

The effect of permanganate coatings concentration on the corrosion inhibition characteristics of 

ZE41 magnesium alloy substrates was examined before and after seven days of immersion in 3.5% 

NaCl solution. Visual inspection and macro-images acquired using a digital camera (Fig. 1) revealed 

severe localized corrosion for the uncoated as-abraded samples. The average number and size of pits 

decreased sharply after applying permanganate coatings of diluted concentrations (namely 5 and 10 

g/l). Increasing the permanganate concentration above 10 g/l has, generally, an adverse effect on the 

protection performance of magnesium substrate to localized corrosion (pitting and micro-cracks). The 
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number and the size of pits (the pitting density) increased dramatically for the samples coated with 15 

and 50 g/l permanganate.  

 

 
 

Figure 1. Macroscopic images for ZE41 magnesium alloy substrates coated with permanganate at 

different concentrations (0 to 50 g/l) after one week of free immersion in 3.5 % NaCl solution. 

 

The number of pits was calculated to be about 8, 2, 1, 11, 2 and 5 pits/cm
2
 for the samples 

treated in 0, 5, 10, 15, 25 and 50 g/l permanganate solution respectively (Fig. 1). Fig. 2 summarizes the 

pitting corrosion density of the as-abraded and Mn-coated samples. Although the samples that coated 

with 5 and 25 g/l permanganate showed noticeable resistances to pitting corrosion, some micro-cracks 
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and crevice corrosion have been observed. The sample treated in 10 g/l solution showed the best 

resistance to micro-cracks, crevice and pitting corrosion.  

 

 
 

Figure 2. Pitting corrosion density of permanganate coated magnesium samples after one week of 

immersion in NaCl solution 

 

4.1.2. Optical microscopic images 

 
 

Figure 3. Microscopic images for ZE41 magnesium alloy substrates coated with permanganate at 

different concentrations (0 to 50 g/l) before corrosion.  
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Optical microscopy was used to examine the surface and coatings defects, pitting zones and the 

appearance of the protective film formed at the material surface. Fig. 3 outlines the surface appearance 

of the as-abraded ad Mn-coated samples before corrosion. The samples coated with 10 g/l 

permanganate solution showed the best smoothness, coating distribution and less defects. Fig. 4 

revealed that increasing the permanganate concentration from 0 to 10 g/l resulted in improving the 

corrosion inhibition characteristics of the coatings. Further increase in the permanganate concentration 

affects negatively the protective performance of the coatings. The number of pits as well as their 

morphology (depth and size) decreased sharply in 5 or 10 g/l permanganate coated samples.  

 

 
 

Figure 4. Microscopic images for ZE41 magnesium alloy substrates coated with permanganate at 

different concentrations (0 to 50 g/l) after one week of free immersion in 3.5 % NaCl solution.  

 

 

4.1.3. SEM-EDS micrographs 

SEM micrograph and EDS microprobe analysis of the uncoated magnesium samples before 

corrosion in 3.5% NaCl solution revealed formation of rare-earth (Gd and Nd) and zinc oxides in 

addition to magnesium hydro(oxide) film (Gd, Nd and zinc are present as alloying elements in ZE41 

substrates).  
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Figure 5. SEM-EDS for the uncoated samples before (a) and after (b) one week of corrosion in 3.5 % 

NaCl solution.  

 

 
 

Figure 6. SEM-EDS for the permanganate coated samples at 5 g/l before (a) and after (b) one week of 

corrosion in 3.5 % NaCl solution.  
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Figure 7. SEM-EDS for the permanganate coated samples at 10 g/l before (a) and after (b) one week 

of corrosion in 3.5 % NaCl solution.  

 

 
 

Figure 8. SEM-EDS for the permanganate coated samples at 15 g/l before (a) and after (b) one week 

of corrosion in 3.5 % NaCl solution.  
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Figure 9. SEM-EDS for the permanganate coated samples at 25 g/l before (a) and after (b) one week 

of corrosion in 3.5 % NaCl solution.  

 

However, the surface distribution of these oxides formed on the Mg substrate is not uniform 

and hence, some surface defects which stimulate pitting corrosion on ZE41 alloy upon immersion in 

NaCl solution were observed [39]. Moreover, the sharp potential difference between the formed rare-

earth oxides phases (acts as a cathode) inside the Mg matrix (acts as an anode) results in building up 

micro-electrochemical cells and enhancing galvanic corrosion. Upon immersion in corrosive chloride 

solution, the galvanic corrosion propagate and enhance intergranular corrosion around the rare-earth 

phases. At the end, the rare-earth phase can debonding from the matrix and leaves a hole. In fact, 

These holes can make a big confusion under the microscopic examination because they appear like 

pitting corrosion (Fig. 5). 

After permanganate treatment, it was expected that a film of Mn-rich magnesium hydro(oxide) 

be formed. However, XRD was not able to detect the presence of Mn, in all cases, which confirms that 

the film formed is relatively thin and out of the accuracy limits of the X-ray which needs to be detected 

by more sensitive techniques such as XPS. SEM micro-image showed that the film formed due to 10 

g/l permanganate treatment is the best among the other concentrations in terms of the coating 
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distribution and surface morphology (Figs 6-10). Unexpectedly, the presence of Mn was not detected 

by microprobe analysis using EDS for all the samples except those coated with 5 g/l.  

When immerse the permanganate coated samples in corrosive 3.5% NaCl solution, the samples 

coated with diluted permanganate (5 and 10 g/l) showed a distinct reduction in the number and the size 

of pits and holes as shown in Figs. 6 and 7. Conversely, the samples coated with 15 and 50 g/l showed 

severe pitting, crevice corrosion and intergranular attack (Figs. 8 and 10). The samples coated with 25 

g/l permanganate showed a relative improvement in pitting corrosion resistance. However, it was 

found that the film formed is porous and some areas of micro-cracks have been detected.  Based on 

these findings, treatment of ZE41 substrates with the diluted permanganate solution (5 and 10 g/l) 

offers better resistance to pitting, galvanic and intergranular corrosion than other permanganate 

concentrations. However, the samples treated with 5 g/l permanganate showed few holes (Fig. 6) 

which is not the case with 10 g/l permanganate coated samples. Accordingly, the best surface 

protection efficiency can be achieved by a one-step surface treatment in 10 g/l permanganate solution 

(Fig. 7). 

 

 
 

Figure 10. SEM-EDS for the permanganate coated samples at 25 g/l before (a) and after (b) one week 

of corrosion in 3.5 % NaCl solution.  

 

4.2. Electrochemical impedance spectroscopy: 

The surface resistance of ZE41 magnesium alloy substrates before and after permanganate 

treatment at different concentrations ranging from 0-50 g/l has been evaluated in 3.5% NaCl solution. 
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According to Nyquist plots (Fig 11a), the corrosion resistance of the ZE41 magnesium alloy substrates 

improved with permanganate surface treatment at low concentration (5 and 10 g/l). Increasing the 

permanganate concentration up to 10 g/l has an adverse effect on the localized corrosion resistance. 

 

 
 

Figure 11a. Nyquist plots for uncoated and permanganate coated magnesium samples (different 

permanganate concentrations) after one week of immersion in 3.5 %NaCl solution 

 

 
 

Figure 11b. Resistance spectra of Bode plots for uncoated and permanganate coated magnesium 

samples (with different permanganate concentrations) after one week in 3.5 %NaCl solution 

 

As-abraded samples showed a surface resistance of approximately 0.45x10
3
 Ω.cm

2 
after one 

week of immersion in corrosive 3.5% NaCl solution. The surface resistance improved almost three 

folds for the samples coated with 5 and 10 g/l permanganate. The surface resistances values were 

1.35x10
3
 and 1.43 x10

3
 Ω for the samples coated with 5 and 10 g/l permanganate respectively as 
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measured by EIS. Increasing the permanganate concentration more than 10 g/l proved to have an 

adverse effect of the surface resistance of ZE41 alloy in chloride containing solution. The surface 

resistances decreased to be 0.38x10
3
, 1.05x10

3
 and 0.35 x10

3
 Ω for the samples coated with 15, 25 and 

50 g/l permanganate respectively.
 
Accordingly, the samples coated with 10 g/l permanganate showed 

the best surface protection which confirm the previous results of visual inspection, macro-image, and 

SEM-EDS. 

The resistance spectra in Bode plots (Fig. 11b) provide further explanation of these 

observations where the samples treated in diluted permanganate solutions (5 and 10 g/l) showed the 

highest polarization resistance (Rp) compared with the as-abraded samples and the samples coated with 

concentrated permanganate solution (15, 25 and 50 g/l). The resistance values of the diluted 

permanganate coated samples reflect good barrier properties, associated with the impediment of the 

electrolyte to reach the metallic substrate due to the formation of the permanganate-rich magnesium 

hydro(oxide) film over the substrate. 

The permanganate coating prepared in 10 g/l solution promotes the increasing of the low 

frequency impedance by almost one order of magnitude compared to the as-abraded Mg alloy and 

other permanganate coating conditions. The reduction of impedance reveals the deterioration of the 

protection system. The resistance and capacitance values associated with the permanganate coating 

prepared in 10 g/l solution reflect good barrier properties, associated with the impediment of the 

electrolyte to reach the metallic substrate. 

According to the impedance spectra (Fig. 11a and b), coating of ZE41 magnesium alloy 

substrates with 10 g/l permanganate improves the localized corrosion resistance which attributed to the 

formation of the protective Mn rich oxide film which prevents the oxygen diffusion to the metal 

surface and therefore, impede corrosion but not prevent it as confirmed by surface examination. 

 

4.3. Cyclic potentiodynamic polarization: 

 
Figure 12. Cyclic potentiodynamic polarization curves for uncoated and permanganate coated 

magnesium samples (different permanganate concentrations) after one week of immersion in 

3.5% NaCl solution 
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Cyclic potentiodynamic polarization (Fig. 12) confirmed the previous results obtained from 

EIS and surface examinations in terms of occurrence the localized corrosion where the cathodic 

current was shifted from 2x10
-3

 A for uncoated specimens to be 8x10
-3

 A for 5 and 10 g/l 

permanganate coated samples. The corrosion potential, ECorr, of the 5 and 10 g/l permanganate samples 

is -1.49 V which is more noble than the uncoated samples (-1.55 V). The pitting potential can be 

determined by the point at which a sudden shift in the current can be observed. The pitting potential, 

Epit, of the 5 and 10 g/l permanganate samples is -1.46 and -1.47 V respectively higher than the pitting 

potential of uncoated samples (-1.55 V). However, the pitting loop, which represents the chance of 

pitting corrosion to occur, is smaller in the 10 g/l permanganate samples compared with the 5 g/l 

permanganate. The presence of some tiny pits for the 5 and 10 g/l permanganate samples can be 

attributed to the presence of some coatings defects. This film behaves as a barrier to protect the 

material substrate from the reaction with dissolved oxygen in NaCl solution and hence impedes the 

localized corrosion by shifting the cathodic reaction to more noble current and shifting the anodic 

reaction to more noble potential.  

The main advantage of the new permanganate surface treatment approach proposed in this 

paper is the simplicity of the coating process compared with several high performance coatings 

technology recently investigated in the literatures which imply several coatings steps and several 

coating layers [9, 40-43]. Another advantage is the safety of permanganate to environment and 

coatings workers compared with the process involving toxic chromate.  

 

 

 

5. CONCLUSION 

1- Rare-earth containing ZE41 magnesium alloy posses unique mechanical properties as a 

promising material for transportation industry. However, It was noticed that the sharp potential 

difference between the formed rare-earth phases (cathode) inside the Mg matrix (anode) results in 

building up micro-electrochemical cells and enhancing galvanic corrosion. Upon immersion in 

chloride solution, the galvanic corrosion propagate and enhance intergranular corrosion around the 

rare-earth phases. At the end, the rare-earth phase can debonding from the matrix and leaves a hole. 

2- A new simple approach for designing chrome-free coatings based on permanganate 

surface treatment for improving the corrosion resistance of rare-earth-ZE41 magnesium alloy in 

chloride containing environment has been discussed. 

3- A one-step coating formed by simple free immersion in a diluted permanganate solution 

for quite short time (10 min) was found promising to increase the corrosion protection of ZE41 

magnesium alloy substrates. 

4- According to the surface examination, electrochemical impedance spectra and cyclic 

potentiodynamic polarization measurements, 10 g/l permanganate is the optimum permanganate 

coating concentration that offer the best corrosion protection to the Mg substrate in NaCl solution. 

5- It was proven that permanganate coating improves the corrosion inhibition 

characteristics of ZE41 magnesium alloy substrates by formation a manganese-rich oxide film over the 

pitting areas. 
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6- The permanganate coatings proposed in this study would be only a first pre-treatment 

(primer) film to ZE41 magnesium alloy substrates, and a final top coat will be crucial to reach an 

adequate corrosion protection.  
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