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Abstract: Mg alloys find widespread applications in transportation industries especially in cars and 

trucks because of their edges in light-weight design, which can greatly help improve the fuel 

efficiency and decrease the gas emissions of vehicles; However, Mg alloys’ high sensitivity to the 

corrosive environments limit their penetration in automotive applications. Surface coating is one of 

the most effective and economic ways to protect Mg alloys from corrosion. Presently, the currently 

researched and commercial coatings that are specifically applied to Mg alloys in the automotive 

industry are reviewed in this paper. With some Mg automotive components subjected to corrosion 

and repeated load simultaneously, corrosion fatigue of coated Mg alloys are reviewed as well. 

Additionally, a part of attention in this review is given to the assessment approaches of corrosion and 

corrosion fatigue performance of coated Mg alloys for the purpose of material/surface coating system 

selection. Finally, some corrosion-related challenges for the growth of Mg alloys, future 

developments and research directions on surface coatings and corrosion fatigue testing approaches 

are discussed. 
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1. Introduction 

As the lightest structural metallic materials, Mg alloys have found numerous different 

applications in various fields, including ground/air/marine transportation industry, electronic 

components, biodegradable medical implants, and hydrogen storage and battery electrodes etc. [1–4]. 

In particular, the usage of Mg alloys in automotive industry accounts for 90% of all the Mg alloy 

consumption [5]. These is increasing interest in constructing lightweight vehicles with improved fuel 

efficiency and reduced greenhouse gas (GHG) emissions, to meet the demand of corporate average 

fuel economy standards (CAFÉ). According to the United States Automotive Materials Partnership 

(USAMP), it is estimated that by 2020, 500 lbs of steel and 130 lbs of aluminum per vehicle will be 

replaced by 350 lbs of magnesium alloys. That is an overall weight reduction of 15%, which will 

lead to 9–12% fuel savings and a significant drop in GHG emissions [6]. Moreover, improvement of 

the vehicle’s handling and turning capabilities and the reduction in vibration and overall noise could 

also be achieved through use of magnesium alloys. Currently, most of Mg alloys are used as die 

castings because of their excellent castability. For example, the transfer case representing a high 

volume of Mg application in vehicles is generally made of Mg AZ91 (Figure 1a). AE42, AS41/21 

alloys with good strength and creep resistance at high temperatures are also commonly used in 

transmission case. AM50/60 that offer good ductility and excellent energy-adsorption ability are 

widely used in the interior components such as instrument panel (Figure 1b) and lift gate inner (Figure 

1d) and in some chassis parts such as cross-car beam (Figure 1c). A summary of the current Mg alloy 

applications in the specific areas of a car are presented in Table 1. 

 

Figure 1. Examples of automotive parts made of Mg alloys. (a) Transfer case, (b) 

Instrument panel, (c) Cross-car beam, (d) Lift gate inner [7,8]. 
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Table 1. Current applications of Mg alloys in automotive components. 

System Component Application examples Alloy grade [9] 

Interior Steering Wheel Ford (Ford Thunderbird, Cougar, Taurus, Sable), Chrysler (Chrysler 

Plymouth), BMW (MINI), Lexus (Lexus LS430) [5], Toyota, VW [10],  

GM [11]. 

AM20 

AM50 AM60 

Steering Column Module Ford (Aerostar), GM (Pontiac, Buick, Worlds mobile) [1], Chrysler [11]. 

Steering link bracing GM(LH Midsize) [5]. 

Instrument Panel GM, Chrysler (Jeep), Ford, Audi (A8), Toyota (Toyota Century) [5], Hyundai, 

Honda [12], Dodge Viper, Rolls-Royce Phantom, BMW Mini, 5 and 7  

series [10]. 

Seat Frame GM (Impact), Mercedes-Benz (Mercedes Roadster 300/400/500 SL), Lexus 

(Lexus LS430) [5], Jaguar F-TYPE [13], 2011 Ford Explorer [13],  

Toyota [12], Alpha Romeo 156 [10]. 

Airbag Retainer Chrysler [11]. 

Brake and Clutch Pedal GM (Pontiac, Buick, Worlds mobile), Ford [1]. 

Console Bracket Ford [11]. 

Keylock Housing GM, Ford, Chrysler [11]. 

Miscellaneous parts Alfa-Romeo (GTV) [1]. 

Power-

train 

Engine Block BMW, VW [5]. AZ91 

AZ81 

AS41 

AE42 

Engine Cradle GM (Corvette Z06) [13]. 

Crank Case Chrysler (Jeep), Alfa Romeo (GTV), GM (Oldsmobile), McLaren Motors (F1-

V12), VW [5], BMW [13]. 

Transfer Case GM, Ford (Bronco) [1], GMT800-based trucks [10], AutoZAZ-Daewoo 

(Tavria, Slavuta, Daewoo-Sens), Volvo Motors (LCP), Porsche AG (911 

Serie), Volkswagen (Volkswagen Passat, Santana), Audi (A4, A6), Mercedes-

Benz [5], BMW, Ford, Jaguar [12], Acura [14], SAIC [12]. 

Oil pump body MaLaren Motors (F1-V12) [5], Honda [14]. 

Cylinder head cover Dodge (Dodge Raw), Honda Motor (City Turbo), Alfa Romeo (GTV), 

AutoZAZ-Daewoo (Tavria, Slavuta, Daewoo-Sens), Honda, BMW, Ford, 

Isuzu, Volvo Motors (LCP), Chrysler [5], Hyundai, Kia [12]. 

Cylinder block GM (Pontiac Gran AM, Corvette) [5]. 

Valve Cover/Cam Cover GM (Corvette) [1], Ford, Chrysler [11], Dongfeng [12], Dodge viper, Ford F-

150 [10]. 

Air Cleaner GM (Corvette) [1]. 

Air intake system BMW (V8 motor) [5]. 

Gearbox housing AutoZAZ-Daewoo (Tavria, Slavuta, Daewoo-Sens) [5], VW (Golf) [13], 

SAIC, FAW [9], Audi [15]. 

Camshaft drive chain case Porsche AG (911 Serie) [5]. 

Brackets for air comfort 

system, steering booster 

pump and generator 

Chrysler, Volkswagen (Volkswagen Lupo) [5]. 

Electric Motor Housing GM [11]. 

Radiator Support Ford F-150 [13]. 

Intake Manifold GM (V8 North Star motor), Chrysler [5], Audi, BMW, VW Phaeton [10]. 

Clutch Housing & Piston AutoZAZ-Daewoo (Tavria, Slavuta, Daewoo-Sens), Volvo Motors (LCP), 

Alfa Romeo (GTV) [5], Ford (Ranger), GM(Corvette) [1], VW(Golf) [13], 

SAIC, FAW [12]. 

Body Door Frame Porsche Panamera [16], Mercedes-Benz CLK [12], VW Polo [15]. AZ31 

Roof Frame GM(Corvette Z06, C-5), Porsche 911 Cabriolet/GT3 RS [16], BMW 3 series 

Convertible [10], Cadillac XLR Roadster [17]. 

Mirror Bracket GM, Ford, Chrysler [11]. 

Inner Tailgate 2015 Ford Mondeo [13]. 

Sunroof Panel GM, Ford [11]. 

Lift gate inner Lincoln MKT, Chrysler Pacifica [13]. 

Trunk lid 2012 Cadillac SLS [18]. 

Front deck Mercedes-AMG [13], Dodge Viper [17]. 

Front end carrier Range Rover velar [13], Tesla Model S [8]. 

Chassis Wheel Toyota (Toyota 2000GY, Toyota Supra), Alfa Romeo (GTV), Porsche AG 

(944 Turbo and 911) [1], Aston Martin Valkyrie [5,13], GM (Chevrolet 

Corvette) [17]. 

AZ31 

AM50 

ABS mounting bracket GM, Chrysler [11]. 

Cross-car beam Range Rover Velar, Land Rover Discovery, 2017 Chrysler Pacifica [13]. 

Brake bracket and bracket 

assembly 

GM, Ford [11]. 
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However, the penetration of Mg alloys in automotive applications was not a complete success. 

Even though around 350 lbs of different Mg parts have been approved acceptable for use in chassis, 

interior, body and powertrain systems through laboratory tests according to the USCAR 2006 

standards, there is still only 11–14 lbs of Mg components used in an average North American  

vehicle [19]. One of the main reasons for the low penetration is that Mg alloys are highly susceptible 

to corrosion environments, and unlike Al alloys, the protectiveness of the surface films formed on the 

alloys is very limited [20–24]. Considering the fact that applications of Mg alloys in automotive 

components such as door frames, front end structures, hatch backs and wheels are unavoidably 

subjected to corrosion attack in practical service conditions, a lot of research attention has been 

directed towards improving the corrosion resistance of Mg alloys via approaches including alloy 

development, proper structural design, and surface coating [25]. Among the various corrosion 

mitigation strategies, surface coating is considered as one of the most effective and economic ways 

to prevent corrosion of Mg alloys. It provides a physical barrier between the corrosive environments 

and the Mg alloy substrate, and can considerably increase the polarization resistance of the alloy 

substrate and hence retard its corrosion significantly [20]. Nowadays, numerous coatings have been 

developed and are applicable to Mg alloys, each with their own advantages and disadvantages. 

Examples of these coatings include chemical conversion coating, anodizing, electroless/electro-

plating, organic coating, laser surface treatment, vapor (physical vapor and chemical vapor) based 

deposition and thermal/cold spray, on which informative reviews can be found in Refs. [19,26–29]. 

The purpose of this paper is to provide an overview on the currently used and researched 

coatings on Mg alloys in automotive applications. The state-of-art research on corrosion fatigue of 

coated Mg alloys is reviewed with research interest deviating to wrought Mg alloys. Special attention 

is dedicated to the evaluation methods of corrosion and corrosion fatigue performance of coated Mg 

alloys. In addition, this paper covers the current challenges associated with corrosion for the growth 

of Mg in automotive industry and gives the future trends on the development of corrosion protection 

research and corrosion/corrosion fatigue testing methods on Mg alloys as well. 

2. Corrosion protection strategies for Mg alloys 

A coating system is typically needed to achieve a class A (Class A in automotive industry refers 

to the glossy, smooth appearance that is required for readily visible, outer surfaces of automobiles) 

quality of surface finish on Mg parts, as shown in Figure 2 [30]. In the coating system, the first step 

is the surface treatment (i.e., the chemical conversion coating or anodizing, etc.), aiming at removing 

the mill and pressing oils and improve corrosion resistance and paint adhesion property. Then a 

precursor such as E-coat is applied to further enhance corrosion resistance and to improve the ability 

against mechanical damage, followed by the final topcoat consisting of a base coat and a clear coat to 

ensure the stability of the coating system and to provide an appalling effect as well.  

In most cases, prior to the application of the surface treatment, Mg components must go through 

a cleaning process and an activation process, as shown in Figure 3. The method of cleaning includes 

mechanical (e.g., grinding, polishing) and chemical (e.g., alkaline degreasing, organic solvent 

cleaning) cleaning approaches, which together macroscopically and microscopically remove most of 

the oils, lubricants, dirt, oxide or hydroxide layers arising from previous manufacturing or forming 

processes respectively. Then, the activation process (usually an acidic pickling for Mg alloys) is used 

to further provide a homogenous and oxide free Mg surface for the subsequent surface treatment. 
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Detailed information regarding the surface preparation of Mg alloy prior to coating has been 

described by Höche D, etc. [31] and standard procedures can be found from Standard ATSM D 2651. 

 

Figure 2. Typical coating system for surface finish of Mg die-castings in class A quality [30]. 

 

Figure 3. Schematic procedure of surface processing. 

As for the surface coating, various methods have been developed for Mg alloys. Based on the 

data from web of science using corresponding key words such as “conversion coating AND 

magnesium”, the number of publications for different surface coatings since 1990 have been 

illustrated in Figure 4.  

 

Figure 4. Number of publications of different surface coatings on Mg alloys since 1990. 

It appears that anodizing & MAO, chemical conversion coating, and chemical vapor deposition 

attract considerable researcher attention. Further, ion implantation, organic coating, and plating 
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(include electroless plating and electrochemical plating) account for a large portion of those 

publications as well. In addition, according to a review on corrosion protection of Mg alloys based 

on patents [32], chemical conversion coating, anodizing, plating, and organic coating were 

represented as the most widely used methods to improve the corrosion resistance of Mg alloys. 

Therefore, the emphasis of the next section will is placed on these four types of coatings and their 

applications in automotive. Other processes like the vapor based deposition, and some emerging 

techniques such as cold spray will also be briefly introduced.  

2.1. Chemical conversion coating 

Chemical conversion coating is one of the most widely adopted surface treatments technologies 

in industries due to its excellent binding strength, low cost, good corrosion resistance and simple 

operation procedures [28]. By simply immersing the substrate into a conversion bath for a certain 

time duration, an adherent, insoluble, and crystalline or amorphous layer can be produced to provide 

corrosion resistance and good paint adhesion to Mg alloys. The formation process of a chemical 

conversion coating normally occur as follows: (a) Dissolution of Mg alloy at the anodic Mg-matrix 

and evolution of hydrogen preferentially around the cathodic intermetallic phases take place upon the 

substrate exposed to the conversion solution; (b) a localized increase of pH due to the consumption 

of H
+
 at the intermetallic compounds promotes the reaction of metal ions M

x+
 with OH

−
, leading to 

nuclei of highly insoluble hydroxides M(OH)x and sometimes oxides MxOy as coating composition; 

(c) with immersion time increasing, the coating gradually grows from those nuclei until cover the 

entire substrate surface; longer time durations will increase the thickness of the coating [33–35]. The 

most common conversion coating used on Mg alloys in automotive industry had been a chromate 

treatment (e.g., dichromate, chrome manganese, and chrome pickle) [27]. Cr-based conversion 

coatings could provide high levels of corrosion protection, abrasive resistance, good paint adhesion 

and self-healing capability, but nowadays their use is strongly limited because of the main drawback 

represented by the toxicity issue. Therefore, a number of non-chromate chemical conversion coatings 

have been developed to substitute the Cr-based conversion coating: for instance, phosphate based 

coating [36–39], stannate coating [40], fluorozincate/fluorotitanate coating [41,42], Ti/Zr coating [43] 

and rare earth coating [44,45]. A comparison of different types of chemical conversion coatings is 

summarized in Table 2. 

At present, one of the most widely used pretreatments in automotive industries is Zn 

phosphating, as reviewed in Ref. [46]. Since this phosphate solution is acidic (pH = 3.0–3.5), Mg 

parts will be highly dissolved when entering the bath. Moreover, in contrast to an alkaline cleaning 

process for steel and Al components, Mg alloys require an acidic cleaning. Thus, the current way to 

address this issue is separately treating single Mg pieces before they are assembled to the vehicle. 

From Table 2, phosphate based coatings (mainly Mn-P), conversion coatings based on Ti-, Zr or 

Ti/Zr seem to be the most promising options for Mg parts in automotive industry, which can be 

demonstrated from the current commercial products as presented in Table 3. Among them, phosphate 

based coating is commonly used and not toxic, but there are some other environmental issues. For 

example, the phosphate baths can generate massive sludge containing metal ions and can cause some 

environmental problems such as eutrophication in lakes. The conversion coatings based on Ti-, Zr or 

Ti/Zr are relatively new and are developed to replace phosphate based coatings. The problems caused 

by phosphate baths are solved now by conversion coatings based on Ti-, Zr or Ti/Zr due to the use of 
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free of phosphate compound baths with a tiny amount of ionic species [47,48]. At this time, these 

conversion coating are already commercialized in the surface treatment of Al alloys and some steels, 

but there is only a few data with respect to Mg alloys [48,49]. 

As for the commercial conversion coatings applied to corrosion protection of Mg automotive 

components, it has been reported that a conversion coating with brand name Henkel Alodine 5200 

was used to protect the Mg instrument panel from pitting on the sport car 2005 Ford GT [50]. The 

corrosion protection of Mg lifegate on the 2010 Lincoln MKT also included the Alodine 5200 sub-

micron thick chemical conversion coating [19]. Alodine 5200 developed by Henkel is a Cr-free Ti-

based conversion coating and specifically formulated for treating non-ferrous alloys, and in particular, 

an Alodine M206 formulation is specifically developed for AZ class of Mg alloys. A Cr-free 

conversion coating based on Ti/Zr has been used on the Mg doors of the Ford Contour vehicle [19]. 

The combination of MagPass-Coat and a 200 μm polyester powder coating was used to protect the 

inlet pipe of the Audi W 12 Mg (AZ91) cylinder engine [14]. MagPass-Coat is a chrome-free 

conversion coating suitable for all Mg-based material, but typical thickness of the coating is less than 

1 μm. Also, Meridian Technologies applied a conversion coating base on fluorozincates and 

fluorotitanates to a front end carrier [19]. In a Canada-China-USA collaborative R & D project 

aiming at developing comprehensive application technology suitable for Mg alloy in the front end 

where corrosion is a major concern, researchers from Institute of Metal Research (IMR) developed 

an environmentally friendly and corrosion resistant conversion coating from a Mn-based phosphate 

bath [51]. Similar coating properties are expected due to the similarity of permanganate to chromate 

as a strong oxidizing agent in conversion process. This coating has now attained industrialization 

level and already been used in the Mg alloy hood shield by FAW, as shown in Figure 5. 

Table 2. Summary of mechanism of coating process, advantages and disadvantages for 

each conversion coating [26,28,36,37,39–42,52,53]. 

Coating  Mechanism of coating process Advantages Disadvantages 

Chromate 

coating 

The substrate is oxidized by oxidizing agent Cr2O7
2−, which 

causes an increase in pH at the liquid-alloy interface. Thus, 

soluble hexagonal Cr6+ is reduced to insoluble Cr2O3 deposited 

on the Mg surface. A self-healing ability is given by trapping 

hexagonal Cr into the coating. 

Excellent corrosion 

resistance; good abrasion 

resistance; self-healing 

capability and mature 

process. 

High toxicity due to 

hexagonal Cr; 

Instable at high 

temperature (>60 ℃). 

Phosphate 

coating 

Oxidizing agent and acidified phosphate solution (PO4
3−) in the 

conversion solution cause the dissolution of the substrate, 

resulting in a rise in pH and metal ions concentration, thus 

leading to the precipitation of insoluble metal phosphate on the 

Mg alloys surface. 

Environmentally friendly; 

comparable corrosion 

resistance to chromate 

coating; good adhesive 

property. 

Network cracks. 

Stannate 

coating 

Oxidization of the Mg substrate favors the nucleation and 

growth of hemispherical magnesium stannate particles 

(MgSnO3) initially at the cathodic sites and then to the whole 

surface, with a porous under-layer made of magnesium 

hydroxide. 

Environmentally acceptable; 

good corrosion resistance. 

Long time and high 

temperature treatment; 

thin coating (1–5 μm). 

Fluoride-Ti, Zr 

or Ti/Zr based 

coating 

The acidic fluoride solution (F−) oxidizes the metallic substrate 

to form a porous Mg(OH)2 layer and localized pH increase 

drives hydrolysis of fluorometalates to from TiO2 or ZrO2. 

Good corrosion resistance; 

good adhesive property. 

Thin coating. Large 

consumption of HF. 

Rare earth 

coating 

The acidic rare earth salts solution (Ce3+/Ce4+ or La3+) firstly 

dissolves the air-formed oxide film and the substrate, leading to 

a rise in local pH, then followed by a precipitation of rare earth 

hydroxide or oxide on the porous layer containing 

Mg(OH)2/Al(OH)3. 

Excellent corrosion 

resistance; environmentally 

friendly. 

Long time treatment, 

Increased instability of 

the coating with time 

elapsing and expensive. 
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Table 3. Commercial conversion coatings on Mg alloys. 

Coating brand name Manufacturer Characteristics and applications 

Alodine 5200 [54] Henkel A chrome-free passivation specifically formulated for treating Al, Mg, Ti alloys. It 

provides excellent base for bonding of adhesives and organic coating and can be 

applied by spray or immersion. 

Magpass-Coat [55] AHC Oberflachentechnik A chrome-free conversion coating suitable for all Mg-based material. It is 

electrically conductive and withstands high temperature exposure (No effect 

subjected to 90 ℃ for 6 months). 

Gardobond X4729 [56] Chemetall A chrome-free, eco-friendly conversion composite coating based on zirconium and 

titanium for Al and Mg alloys. It offers excellent paint adhesion and corrosion 

protection. It is an easy-to-handle and low-maintenance process. 

Oxsilane 0611 [57] Chemetall It is used as stand-alone protection or paint pretreatment and used only in aerospace 

and military industries. 

Metalast TCP-HF [58] Chemeon surface 

technology 

It is a trivalent chromium conversion coating as well as a sealer for anodized Al, Mg 

and Zn alloys. It offers excellent paint adhesion and corrosion protection. 

Surtec 650 [59] SurTec A chromate-free passivation for Mg and Al alloys. Can be used as post treatment of 

anodic coating and can be applied by spray, immersion and wipe application. 

Interlox 5707 [60] Atotech Zr-based coating. Free of P, Cr, Zn, Ni and Co. It can operate at room temperature 

and produces little to no sludge. It allows for automated control and can be used for 

multi-materials. 

Zircobond 4200 [61] PPG Zr-based coating. It is designed to replace Zinc-phosphate pretreatment. The process 

can be installed into existing lines without changing the process flow. 

 

Figure 5. IMR phosphate conversion coating used on Mg alloy hood shield by FAW [51]. 

Chemical conversion coating mainly functions to improve corrosion protection and paint 

adhesion to the subsequent organic coating or top coating process, and also can protect the Mg 

components during transport and storage. However, the corrosion protection provided by this type of 

coating is very limited because chemical conversion coating is generally too thin and too weak, 

making it easily damaged during assembly. For example, the thickness of Magpass-Coat is typically 

less than 1 μm [55]. Besides, the quality of the surface treatment is very sensitive to the previous 

cleaning process, activation process, and conversion bath parameters such as pH, immersion time or 

temperature. It is difficult to produce a conversion coating which is defect-free and uniform. 

Therefore, there remains a strong demand for developing more robust, chromate-free conversion 

coatings, especially involving self-healing capability.  
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2.2. Anodizing 

Anodizing is a widely used strategy to produce a thick, hard, stable and ceramic-like coating 

which can offer excellent corrosion protection of Mg parts [27]. In addition, the anodized layer can 

provide excellent wear resistance, which therefore makes Mg components less likely to be damaged 

during assembly than conversion coating. The anodizing coating usually has a porous morphology 

and a cellular structure as shown in Figure 6. The porous nature of anodizing makes it an excellent 

paint base in the vehicle coating line and cosmetic finish can be obtained. However, porous structure 

is not beneficial to the corrosion resistance of anodized coatings. For example, Cui et al. [62] 

correlated the porosity of the MAO coating with its corrosion resistance. It was concluded that the 

through-pores and micro-cracks existing in the MAO coating played a more dominant role in 

deciding the protective efficacy of the coating than non-through pores and the MAO coating 

thickness as through-pores and micro-cracks can provide direct pathways for corrosive species to 

reach the Mg substrate. The porosity size and distribution can also influence the corrosion resistance. 

Thus, it is very necessary to seal the anodized film to achieve enough corrosion resistance. The 

presence of intermetallic compounds is as well reported to have a significant influence on the 

corrosion resistance of MAO coating [63]. On one hand, the different coating growth rates between 

intermetallic compounds and Mg-matrix may cause discontinuity of MAO coating; thus, 

homogenous distributed phase tend to obtain a MAO coating with enhanced corrosion resistance. On 

the other hand, degradation of MAO coating preferentially starts from the vicinity of intermetallic 

compounds, as demonstrated in several literature [64,65]. Therefore, it is important to control the 

size and distribution of intermetallic compounds and reduce the through-pores and micro-cracks to 

gain a high quality of MAO coating [66,67].  

 

Figure 6. A typical microstructure of an anodized coating formed on AZ91D in a 

silicate-containing solution [68]. 

Essentially, anodizing is an oxidation reaction in the aqueous solution which can be technically 

accomplished by two different conditions: voltage controlled or current controlled. Different voltage 

or current regions result in different coating formation processes such as sparking, micro-arcing 

anodizing at high voltages. Conventional commercial anodizing treatments using relatively low 
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voltage such as DOW 17 and HAE [26] can provide superior anticorrosion property on Mg alloys, 

but their anodizing baths include chromates and/or HF and thus they are restricted to be used in 

industries now. New anodizing processes called micro-arc oxidation (MAO) or plasma electrolytic 

oxidation (PEO) [69], which are much less hazardous, have been developed. MAO employs higher 

voltage than conventional anodizing such that micro discharges occur and the resulting plasma 

modifies the surface structure of Mg alloys. This MAO process can produce thicker layer with higher 

corrosion and abrasion resistance as well as improved temperature and load capacity compared with 

the DOW 17 and HAE heat process.  

At present, anodizing has been successfully used in the Al alloys for many years. However, it is 

more complicated when this technique is applied to magnesium alloys. For example, it requires much 

higher voltage to anodize Mg alloys than Al alloys. The microstructure of the anodizing coating 

formed on Mg alloys is irregularly porous while it is regular for Al alloys. Some industrial anodizing 

processes developed for Mg alloys are summarized in Table 4.  

Table 4. Some industrial anodizing process developed for magnesium alloys [20,29,68]. 

Anodizing 

process 

Manufacturer Description Characteristics SST 

Hours 

DOW 17 Dow chemical The first anodizing coating for magnesium 

alloys. Produced at voltage below 100 V in 

a solution containing dichromate, 

ammonium acid fluoride and phosphoric 

acid at pH 5 above 70 °F. 

The coating thickness ranges from 5 to  

75 μm; the color varies between light and 

dark green depending on coating thickness; 

the composition mainly consists of MgF2, 

NaMgF3, Mgx+y/2Ox(OH)y and a small 

amount of Cr2O3. 

48 

HAE Pitman-Dunn 

Laboratories 

The electrolyte contains potassium 

permanganate, potassium fluoride, 

trisodium phosphate, potassium hydroxide 

and aluminum hydroxide; applied with 

alternative current and voltage below  

125 V at pH 14 and a temperature between 

20–30 ℃. 

The coating thickness ranges from 5 to  

75 μm; the color varies between light tan and 

dark brown depending on coating thickness. 

48 

Anomag Magnesium 

Technology Ltd. 

It is a non-sparking process; the anodizing 

bath contains ammonia, sodium ammonium 

phosphate, without chromate and fluoride. 

The thickness varies from 5 to 25 μm; a wide 

range of colors can be obtained. 

300 

Magoxid AHC 

Oberflachentechnik 

Obtained in a solution containing borate or 

sulfate, phosphate and fluoride or chloride 

at pH 5–11 buffed by amines at a DC 

current preferably with a voltage up to  

400 V. 

The thickness varies from 15 to 25 μm; the 

color of the coating normally varies between 

white to light gray, sometime black can be 

obtained; the coating mainly contains MgO, 

Mg(OH)2, MgF2, MgAl2O4. 

500 

Tagnite Technology 

Application Group 

Produced in an alkaline aqueous solution 

containing hydroxide, fluoride and silicate 

species with no chromium or other heavy 

metals operated at voltages exceeding  

300 V DC and a temperature between  

4–15 ℃. 

The thickness can be ranging from 2.5 to 

22.5 μm; the coating is white and mainly 

consists of hard magnesium oxide with minor 

hard fused silicates. 

400 

Keronite Keronite Performed with a bipolar pulsed electrical 

current using a specific wave form in a 

proprietary, chrome and ammonia-free, low 

concentration alkaline electrolyte at a 

temperature between 20 and 50 ℃. 

The thickness ranges from 20 to 80 μm; the 

layer is mainly composed of spinel 

(MgAl2O4) together with SiO2 and SiP. 

600 

MgC Henkel Plasma electrolytic ceramic deposition 

process using pretreatment tanks. Not 

available on operation conditions. 

Coating thickness ranges from 2–6 μm; 

ceramic black coating comprised of Mg 

compounds. 

200–500 

Alodine  

EC2 [70] 

Henkel Operated at voltage ranges from  

300–450 V for time duration of  

1–5 minutes and a temperature of  

15–50 ℃. 

Coating thickness ranges from 2–15 μm; 

electro-ceramic coating comprised of Ti 

dioxide; compatible with most typical paint 

finishes and liquid paint systems; fewer 

steps, faster process and reduced processing 

costs compared to traditional methods. 

N/A 
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These commercial anodizing films have already been applied in Mg automotive components 

such as gearbox housing, wheel rim, engine blocks, door inners, suspension parts, intake manifolds, 

cradles, pistons, etc. An example of Tagnite coating in protection of Mg oil pump housing is shown 

in Figure 7 [71]. Also, in a case of a hybrid-electric Ford Focus, an Al part used to house the power 

distribution unit was replaced by an Mg one, in which the Mg surface was protected with a Tagnite 

anodizing coat [19]. The Tagnite and Keronite processes can produce highly hard anodized coatings 

on Al and Mg alloys which provide another level of corrosion resistance and paint adhesion beyond 

other types of anodized coating. The much higher electricity usage and electrolyte consumption than 

other anodizing line limit their use in automotive industry. Therefore, they are typically used in 

aerospace and military applications.  

 

Figure 7. Mg oil pump housing with Tagnite coating: Tagnite with paint (left); Tagnite 

alone (right) [71]. 

There is no question that the anodizing coating can offer a better corrosion resistance, wear 

resistance and paint adhesion property than conversion coatings. However, they have also suffered 

some challenges. For example, the electrochemical inhomogeneity due to the phase separation in 

magnesium alloys makes it difficult to produce an adherent and uniform coating. Besides, the fatigue 

strength of magnesium alloys modified by this surface treatment is evidently decreased. Furthermore, 

anodizing has environmental issues and is more expensive due to the consumption of electricity. 

2.3. Electrochemical plating 

Apart from chemical conversion coating and anodizing, electrochemical plating has achieved 

commercial importance on Mg alloys, not only because of the improved corrosion and wear 

resistance but also as the deposited metallic coatings on Mg parts surface offer beautiful appearance, 

good solderability, electrical and thermal conductivity. Electrochemical plating is actually a 

reduction process, in which the dissolved metal ions in the bath are reduced to their metallic form 

and deposited on the surface of the part. Unfortunately, high chemical activity makes Mg alloys very 

difficult to be plated. Only Ni and Zn can be directly electroplated on Mg alloys. A suitable 

pretreatment as an undercoating to prevent Mg surface from oxidation but can be removed when 
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plated is needed to further the subsequent plating. At present, zinc immersion and direct electroless 

nickel plating are widely used pretreatments in Mg alloys [26,72,73].  

Electrochemical plating is generally classified as electroplating process [73] and electroless 

plating process [74] by different driving forces for the reduction process. An external force such as 

voltage is necessary for an electroplating process and a chemical reducing agent for an electroless 

plating process. As with the electroplating, different metallic coatings such as Ni, Zn, Cr, Cu, Ag, 

and Au have been applied to Mg alloys according to specific applications. For example, Cu is always 

used as a base layer to ensue good adhesion in multiple-plate electroplating; Ni is used to improve 

the corrosion resistance; Ag is used for anti-fretting purposes; Both Ag and Au are sometimes used 

to provide electrical conductivity and optical reflectance. Instead of a single metallic layer, 

multilayered metal coatings are commonly used on Mg components. Cu/Ni/Cr coatings are 

conventionally applied to some indoor and mild outdoor Mg components in automotive applications. 

For example, a Cu/Ni/Cr coating with Zn immersion pretreatment was reported to be used in the Mg 

interior panel of Porsche Cayenne [73]. Some other examples of plated Mg component in automotive 

industry have also been presented in Ref [75] (Figure 5 to 7). Another multilayered Ni/Au coating for 

Mg alloys is mainly utilized in the aerospace field. As for the electroless plating, Ni-P is the most 

common process. By immersing the parts into an aqueous solution, a uniform thickness film can be 

produced on even an irregular surface. Generally, due to limited corrosion protection, electroless  

Ni-P plating after sealing tends to be applied in mild industries such as computer and electronic (3C) 

industries [26]. 

Nevertheless, electrochemical plating still has some challenges in the application of Mg alloys. 

Not to mention magnesium’s high susceptibility, the intermetallic phase such as MgxAly distributed 

along grain boundaries makes it especially difficult to uniformly plate magnesium alloys. Moreover, 

different Mg alloys requiring different pretreatments makes the plating process more complicated. 

Additionally, as the noble metallic coatings have a big electrochemical potential with respect to Mg 

alloy, galvanic corrosion would easily occur if the plating has pores and is not uniform. Other 

problems such as the large consumption of electricity and difficulty in coating complex shapes in 

electroplating, short bath life in electroless plating, also limit their applications. 

2.4. Organic coating 

Organic coating, which plays a significant role in improving corrosion resistance, wear property 

and decoration, is commonly used as a topcoat in a normal coating system for Mg alloys [26]. Resin 

(e.g., epoxy, vinyl, acrylic polyurethane) is the main composition of an organic coating. Typically, 

organic coating is composed of a binder, pigments and additives such as dryers, stabilizing agents, 

corrosion inhibitors, etc. Prior to organic coatings, an appropriate surface preparation is critical 

because of their poor adhesion strength. Not only does it require the surfaces of Mg alloys to be free 

of contaminants, smuts and oxides, but the water and air in the defects must be removed as well. 

According to Hu’s review [60] on the progress of organic coating for Mg alloys, it can be known that 

organic coatings can be formed by several techniques such as painting, powder coating, 

electrophoretic coating (E-coating), sol-gel coating and plasma polymerization. Table 5 simply 

summarizes a description of these techniques and corresponding advantages and disadvantages. 
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Table 5. Summary of formation process description, advantages and disadvantages for 

each organic coating [76]. 

Organic coating Description Advantages Disadvantages 

Painting Paint typically consists of resin, solvent, pigment 

and additives. One of the most important steps to 

paint magnesium alloys is to choose an alkali-

resistant primer (resin) such as acrylic, polyvinyl 

butyral, polyurethane, vinly epoxy or baked 

phenolic. The painting film is usually formed by 

evaporation of the solvent or by some chemical 

reactions. 

Flexibility, covering work pieces 

with complex geometry. 

Using of organic solvent, 

multistep. 

Powder coating The thermoplastic powders are deposited by 

techniques such as electrostatic powder spraying 

or flame spraying to the Mg substrate and then 

heated to fuse the polymer together in a uniform, 

pinhole-free film. 

Utilizing no solvents, environment 

friendly; low hazards of 

flammability/toxicity and energy 

consumption; obtained in a single 

operation; almost 100% powder 

utilization. 

The powder stored in 

pulverized form requiring very 

dry; difficulty in obtaining 

thin coating; difficult to coat 

recessed areas; high process 

temperature. 

E-coating The electrophoretic coating (E-coating) is 

obtained by a precipitation of charged particles in 

a liquid on the charged substrate surface under an 

electric field. 

Short formation time; high coating 

material utilization; automatic 

processing; simple apparatus; even 

coating thickness; little restriction 

on the shape of substrate; no 

requirement for binder burnout. 

Complicated electrical control 

and bath solution 

maintenance; thickness 

normally ranging from 10 to 

30 μm; roughness of substrate 

obvious. 

Sol-gel coating The formation of a sol-gel coating is 

accomplished through gelation of a colloidal 

suspension which involves hydrolysis, 

condensation polymerization of monomers to 

form particles, following by agglomeration of the 

polymer structures and a heat treatment. 

Process temperature is low; being 

possible to form coatings on 

complex shapes and to produce thin 

films; waste-free and excludes the 

stage of washing. 

Requiring long time process 

flow; phase separation during 

curing; limited thickness; 

crackability due to stresses 

developing during drying and 

thermal treatment. 

Currently, powder coating and E-coating are the two most popular organic coatings used in the 

corrosion protection of Mg components in automotive industry [77]. It has been reported that powder 

coating was the best top coating for corrosion protection of Mg alloys because powder coating could 

provide better general and galvanic corrosion resistance than E-coating [77]. Yet, some other 

researchers argued that E-coating of Mg had more advantages than powder coating, such as lower 

cost, no line-of-sight limitations, and the capability of coating complex parts [7]. Some commercially 

available products for powder coating (e.g., from ProTech, Akzo/Interpon and DuPont) and for E-

coating (e.g., from PPG, BASF, and DuPont) have both been reported to be used in protection of Mg 

automotive parts [78]. For instance, in a case mentioned above, the Mg instrumental panel of the 

sport car 2005 Ford GT was first pretreated by Henkel Alodine 5200 conversion coating, then 

followed by a Protech epoxy urethane powder coating [19]. Figure 8 also shows an application 

example of powder coating in certain Mg engine parts [79]. 

Similar to other coatings, some challenges also appeared in the deposition of organic coating on 

Mg alloys. First, a uniform, defect-free organic coating is difficult to be produced on Mg surface 

without careful surface preparations. Even so, an additional layer of polymer or other powder coating 

on top of that is still necessary. Thus it is necessary to apply multiple layers of these coatings to 

achieve sufficient corrosion performance. Besides, there are still some environmental issues because 

of the used solvent in these coating processes. 
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Figure 8. Mg engine parts using powder coating which shows perfect appearance and 

excellent protection [79]. 

2.5. Other process 

Other surface technologies such as layered double hydroxides (LDHs), cold spray, thermal 

spray, physical vapor deposition (PVD), chemical vapor deposition (CVD), and laser surface coating 

have been also applied to improve the corrosion resistance of Mg alloys [26,27,80], but few of them 

achieved commercial applications in automotive industry. LDHs with a tunable brucite structure are 

essentially a class of anionic clays (e.g, NO3
−
, PO4

3−
, CO3

2−
) [81–85]. Their unique layered structures 

regarded as nanocanpsules are capable of storing and releasing corrosion inhibitors, which allow 

researchers to develop more functional coatings. Besides, LDHs can be used to replace the 

conventional sealing strategies to seal the anodized film. However, so far this surface technology are 

mainly developed for medical application, more research is needed to extend their application. Cold 

spray is an emerging technique to coat and repair a wide range of industrial components [86,87]. It 

was initially aimed at being applied to the aerospace industry because it can provide much harder, 

thicker coatings compared to other available coatings. However, with this technology moving 

forward, there is a high potential of its commercialization in automotive industry. Different from the 

conventional thermal spray processes such as flame spraying, arc spraying and plasma spraying 

which requires heating sprayed particles into molten metal droplets, cold spray is a process of 

applying coatings by exposing the substrate to a high velocity (300–1200 m/s) powder particles 

accelerated by a supersonic jet of compressed gas such nitrogen, helium, air or a mixture of them at a 

temperature well below the melting temperature of the material, i.e., forming coatings from particles 

in the solid state. In this way, it mitigates or even eliminates the deleterious effects of high 

temperature oxidation, phase transformation, residual stresses, porosity and other problems resulting 

from the thermal spray approaches. The plastic behavior of both particle materials and the substrate 

is closely related to the formation of the cold sprayed coating. When high velocity particles impact 

with the substrate, severe plastic deformation of the particles occurs. At the same time, significant 

penning effect due to the impact of particles on substrate surface induces deformation of the substrate. 

Consequently, the interfacial deformation and localized heat between sprayed particles and the 

substrate contributes to forming a coating with good adhesion property by mechanical interlocking 
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and metallurgical bonding. It is recommended that the material with more plastic than the substrate 

should be utilized.  

To date, pure Al, aluminum alloys, aluminum alloys blended with Al2O3 have been used to coat 

various Mg alloys by the cold spray technique [88–91]. Result shows that cold sprayed coatings can 

significantly improve the corrosion resistance of Mg alloys, which show their promising application 

in corrosion protection of magnesium alloys. However, as an emerging technique, cold spray is still 

mainly in research and development stage, more coating performance data needs to be collected. 

2.6. A comparison of corrosion performance of different coatings 

As one of the main functions of surface coatings is to improve Mg alloys’ corrosion resistance, 

it is necessary to notify the effectiveness of different coatings. A lot of factors can influence the 

corrosion performance of a coating, but the decisive points lie in the substrate, the coating, the 

measurement solution, and the measurement method. Therefore, for a reliable comparison, all the 

data collected here are from electrochemical measurements with same reference electrode in 3.5% 

NaCl solution and standard B117 salt spray test on AZ31 and AZ91D alloys [65,92–130]. Corrosion 

current density and corrosion potential of each coating as well as the AZ31 and AZ91D substrate 

were plotted in one graph, as shown in Figure 9. Lower corrosion current density and higher 

corrosion potential represent better corrosion resistance. It can clearly be seen that cold spray 

coatings show the best corrosion resistance with corrosion current density exceeding 1.0 × 10
−7

 and 

corrosion potential exceeding −1.0 V, followed by anodizing and then E-plating. Chemical 

conversion coating only shows moderate corrosion protection in comparison with other types of 

coatings. The scatter of these data in one type of the coating was explained by the different use of 

bath compositions, but the large scatter of corrosion current density in the substrates remains further 

research. 

 

Figure 9. Plot of corrosion current density vs. corresponding corrosion potential data of 

AZ31 and AZ91 alloys with and without different coatings in 3.5% NaCl. 
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Figure 10 shows similar salt spray test results of AZ31 and AZ91 alloy with different coating. 

The conventional chromate conversion coating can generally withstand up to 120 hours in the 5.0% 

NaCl spray solution, whereas non-chromate conversion coatings last only 24–48 hours in the test. In 

contrast, anodized coatings remain complete for hundreds of hours and E-plating and cold spray 

coatings can even achieve up to 1000 hours of ASTM B-117 salt fog test. Nevertheless, once the top 

coating is applied, all these coating systems can exhibit superior corrosion resistance. 

 

Figure 10. Neutral salt spray test results of AZ31and AZ91 alloy with different coatings 

according to standard B117. 

3. Challenge and outlook 

The wide implementation of Mg alloys in the automotive industry need to overcome the 

corrosion problem. For automotive interior components, Mg alloys show relatively good corrosion 

resistance. However, with the applications of Mg alloy spreading to external parts that are probably 

exposed to corrosive environments (e.g., water, mud, debris, SO2, salts species), corrosion protection 

is a big issue. General corrosion of Mg alloys has been greatly mitigated by the developed surface 

coatings, but there are still some corrosion-related challenges for the growth of Mg alloys. 

3.1. Galvanic corrosion of coated Mg alloys 

In fact, galvanic corrosion has become the major challenge that restricted the penetration of Mg 

alloys in automotive industry. Joost et al. [18] stated that a Mg engine cradle previously used on the 

Chevrolet Corvette Z06 from year 2006 to year 2013 was replaced by an Al one on the 2014 

Corvette Stingray. Because high cost resulted from the galvanic corrosion mitigation of the Mg 

engine cradle which has to be attached to other body structure offsets the lightweight savings benefit. 

A recent project named by “Magnesium Front End Research and Development” highlighted the 

galvanic corrosion protection challenge for the assembled structure [7,131]. The picture on the right 

in Figure 11 shows a multi-material structure with a steel upper rail and an Al lower rail attached to 

an Mg shock tower. All component parts were pretreated using Henkel Alodine 5200 prior to being 

riveted and then the assembled part was treated by PPG 590-534 cathodic epoxy E-coat [131]. 
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Without exception, corrosion bloom was observed at all self-piercing rivets. In many cases, Mg 

alloys need to be joined with steel and/or Al alloy during their use in automotive applications. Since 

Mg is anodic to all other engineering metals, galvanic corrosion would readily take place when Mg is 

directly assembled to dissimilar metals. To the author’s knowledge, proper structural design, 

satisfactory spacer materials, surface coating, and appropriate metal combination are able to 

significantly improve the galvanic corrosion resistance of Mg alloys [77]. Surface coating seems not 

to be the best way to protect Mg alloys against galvanic corrosion, but in some cases coating of Mg 

alloy cannot be avoided, so a careful coating system selection is very important. 

Another challenge lies in the incompatible surface treatment of Mg alloys with other metals 

such as steel, Zn, and Al in the automotive finishing lines [25,77]. Generally, steel and Al parts must 

go through a standard phosphate process before subsequent surface modifications. Unfortunately, 

this phosphate solution, which is acidic, could not offer enough paint adhesion to Mg alloys and Mg 

alloys can even pollute the phosphate bath because of its dissolution. Therefore, Mg parts should be 

properly coated before they are assembled to the car, which in turn may damage the coating on Mg 

surface during the process of assembly. 

For the future, despite much effort in the development of surface coatings for Mg alloys, there is 

still a need for more robust coatings. Advanced functional and smart coating with incorporated 

corrosion inhibitors, inorganic nanoparticles, anti-fouling agents, etc. are viewed as a highly active 

topic for the future work [132,133]. In addition, development of universal pretreatments and coating 

processing for multi-materials will as well become an important domain [20]. 

 

Figure 11. Example of joined Mg structures: An all Mg structure joined using FSW (left); 

a multi-material structure with a steel upper rail and Al lower rail attached to a Mg shock 

tower (Right) [7]. 

3.2. Corrosion fatigue of coated Mg alloys 

Mg parts are mostly provided in cast alloys because of their superior castability. Recently with 

research interest deviating to wrought Mg alloys, which exhibit better mechanical properties 

comparing with cast alloys, the application of Mg alloys gradually spreads to some load-bearing 

situations. Thus, some Mg parts are inevitably subjected to a cyclic load and simultaneously a 

corrosive environment, which can be called corrosion fatigue. The synergistic effects of the corrosive 
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environment and cyclic loading can lead to much earlier failure of structures and components than 

that by stand-alone corrosion or fatigue. Much literatures [134–137] have revealed that fatigue 

strength and fatigue life of Mg alloys would be significantly decreased in the presence of corrosive 

environments. Similar to corrosion issues, since surface coatings could isolate Mg parts from 

corrosion species, they are assumed to have the ability to improve the corrosion fatigue resistance. 

Table 6 summarizes the current found literature on the corrosion fatigue behavior of Mg alloys with 

different surface coatings, including epoxy coating, chemical conversion coating, electroless plating, 

electroplating, conventional anodizing, MAO or PEO coating, painting, diamond-like carbon coating, 

and cold spray coating. The effectiveness of these surface coatings on fatigue properties can be 

roughly ranked as follows: cold spray coating/painting > chemical conversion coating/painting > 

painting > chemical conversion coating, PEO coating/painting > electroplating > electroless plating, 

conventional anodizing/painting > conventional anodizing. From the literature review, we can find 

that only epoxy coating [138–140], diamond-like carbon coating [141] and Al 7075 cold spray 

coating/painting [142,143] have been reported to improve the corrosion fatigue strength to the level 

of the corresponding uncoated specimens in air or even higher. However, the frequency used in 

studying the effect of that epoxy coating on fatigue behavior [138–140] is too high to let the 

corrosion species affect the fatigue process, so the author believed that this epoxy coating probably 

did not have the ability to improve the corrosion fatigue strength at other frequency or other 

experimental conditions. Some other experimental results using similar organic coatings [144–147] 

also supported this idea. On the other hand, the corrosion fatigue tests of the Mg alloy with diamond-

like carbon coating were only conducted in a distilled water, rather than in some salt solutions where 

this diamond-like coating may exhibit decreased corrosion fatigue strength. Therefore, to the 

author’s knowledge, Al 7075 cold spray coating/painting is the only reported surface coating that can 

enhance the fatigue property in severe environments to the same level as that of uncoated specimens 

in air. However, as discussed above, cold spray is still in the stage of research and development and 

thus is commercially limited. Therefore, corrosion fatigue is as well a challenge for the growth of Mg 

alloys in automotive industry.  

Table 6. Summary of literature on corrosion fatigue for coated Mg alloys. 

Ref. Matrix Environment Surface coating Operation parameters Comments 

[138–140] Extruded 

AZ31 

3.5 wt% 

Na2SO4 (pH 

6.54) 

3.5 wt% NaCl 

Gear oil 

Epoxy coating Sinusoidal wave with 

frequency ranging from 

99–102 Hz at room 

temperature and stress 

ratio R equals to 0.1. 

Corrosion fatigue limit of coated specimens in the 

three solutions are all greatly increased by 

compared to those of the uncoated specimens and 

also are improved compared to that of the uncoated 

specimens in air. 

[144] Extruded 

AZ31 

3.0 wt% NaCl Anodizing and 

painting 

Cantilever type rotating 

bending with frequency 

f = 30 Hz and stress 

ratio R = −1. 

Anodizing alone does not improve the corrosion 

fatigue strength in the corrosive environment, but 

anodizing/painting does (however, not to the level 

of fatigue strength of uncoated specimen in air). In 

air, both anodizing and painting have minimal 

effects on fatigue lives. Increasing the thickness of 

anodizing film will lower the corrosion fatigue 

strength. 

[148] Extruded 

AZ31 

3.0 wt% NaCl Electroless Ni 

plating and 

electrically Ni-

plating 

Cantilever type rotating 

bending with frequency  

f = 30 Hz and stress 

ratio R = −1. 

Corrosion fatigue life of electroless Ni-plated 

specimen were lowered compared with that of the 

uncoated specimen while electrically Ni-plated 

specimens almost had the same corrosion fatigue 

lives compared with that in air. 

     Continued on next page 
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Ref. Matrix Environment Surface coating Operation parameters Comments 

[141] Extruded 

AZ80A 

Distilled water Multilayer 

diamond-line 

carbon coating 

(DLC) 

Rotating bending 

testing at a frequency of 

19 Hz and stress ratio  

R = −1. 

DLC coating could enhance the fatigue strength in 

air and increased with increasing film thickness.  

12 μm DLC coating could enhance the corrosion 

fatigue strength to the same level as the fatigue 

strength in laboratory air while 3 μm DLC coating 

has no improvement on the corrosion fatigue 

strength. 

[145] Die cast 

AM60 

Low humidity 

(55% RH) and 

high humidity 

(80% RH)  

Anodizing and 

painting 

Sinusoidal wave with a 

frequency of 20 Hz and 

stress ratio R equals to 

0.1. 

The anodized specimens did show a little 

improvements in fatigue strength under high 

humidity (80% RH) condition, but not under low 

humidity condition. Under high humidity 

condition, the specimens with anodizing thickness 

of 5 μm exhibited the highest fatigue strength, as 

compared to the specimens with thicker anodizing 

layer (15 μm) and thinner anodizing layer (1 μm). 

Fatigue strength of anodized and painted 

specimens did not show any influence of humid 

environment. 

[149] Mg-2Al-

1Zn-

0.2Mn 

Laboratory air Keronite coating Rotating bending 

testing at a frequency of 

23.75 Hz and stress 

ratio R = −1. 

Keronite coatings caused no more than a 10% 

reduction in endurance limit of the studied Mg 

alloy, which greatly lower than the effect from 

conventional anodizing. 

[150] Extruded 

AZ61 

Low humidity 

(55% RH), 

high humidity  

(80% RH), 

5.0 wt% NaCl 

(pH 6.59) 

Chemical 

conversion 

coating 

Sinusoidal wave with a 

frequency of 20 Hz and 

stress ratio R equals to 

0.1. 

The chemical conversion coating caused no more 

than a 3% reduction in fatigue limit under low 

humidity environment. Under high humidity and 

5% NaCl environment, the application of chemical 

conversion coating improved fatigue limit 

compared to that of the uncoated specimen, but 

there were about 11% and 63% reduction rates 

compared to that of the uncoated specimen in low 

humidity environment. 

[146] Die cast 

AM60 

Low humidity 

(20 ℃, 55% 

RH), high 

humidity 

(50 ℃, 80% 

RH), 

5.0 wt% NaCl  

Anodizing, 

painting and 

chemical 

conversion 

coating 

Four point bending 

fatigue testing under a 

sinusoidal waveform 

with a stress ratio of 0.1 

and a frequency of  

20 Hz. 

Chemical conversion coating is more effective 

than anodizing to enhance the fatigue strength of 

the studied alloy under high humidity while the 

effect of chemical conversion coating with 

painting on the fatigue strength is the same as that 

of anodizing with painting under high humidity 

environment. On the other hand, chemical 

conversion coating with painting could greatly 

improve the corrosion fatigue strength compared to 

that of the uncoated specimen in 5.0% NaCl. 

[147] Extruded 

AZ61 

Low humidity 

(16–20 ℃, 30–

40% RH), high 

humidity 

(55 ℃, 80% 

RH), 

5.0 wt% NaCl 

(pH 6.59) 

Chemical 

conversion 

coating and 

painting 

Sinusoidal wave with a 

frequency of 20 Hz and 

stress ratio R equals to 

0.1. 

The conversion coated and painted specimen 

showed the same level of fatigue limit under low 

humidity and high humidity, which was almost the 

same as that of the coated specimen under low 

humidity environment. Under 5.0% NaCl 

environment, the conversion coated and painted 

specimen showed about 11% of reduction in 

fatigue while that of the uncoated specimen was 

about 85% of reduction. 

[151] Die cast 

AM60 

Low humidity 

(20 ℃, 55% 

RH), high 

humidity 

(50 ℃, 80% 

RH), 

5.0 wt% NaCl 

Shot blasted Four point bending 

fatigue testing under a 

sinusoidal waveform 

with a stress ratio of 0.1 

and a frequency of  

20 Hz. 

Shot blasting could enhance the fatigue limit in all 

the three studied environment. 

[142,143,152] Die cast 

AZ31B 

3.5 wt% NaCl Al7075 cold 

spray coating 

and e-painting 

Four point rotating 

bending fatigue testing 

with a frequency of  

30 Hz and stress ratio  

R = −1. 

Improvements of fatigue strength of coated 

specimens (cold spray, e-painting, and 

combination of them) were obtained both in air 

and in the solution compared to that of uncoated 

specimens. Fatigue strength of the cold spray 

coated and e-painted specimens in the solution 

were still both lower than those of the uncoated 

specimens in air. Combination of cold spray 

coating and e-painting could obtain higher fatigue 

strength of the studied alloy in the solution than 

that of the uncoated specimen in air.  

     Continued on next page 
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Ref. Matrix Environment Surface coating Operation parameters Comments 

[153] Extruded 

AZ31 

3.5 wt% NaCl Pure Al cold 

spray coating 

Four point rotating 

bending fatigue testing 

with a frequency of  

30 Hz and stress ratio  

R = −1. 

Slight improvement of fatigue strength of the 

coated specimen in air as compared to that of the 

uncoated specimen but almost no enhancement of 

fatigue strength in the solution. 

[154] Extruded 

AZ61 

3.5 wt% NaCl 

(pH 6.5) 

PEO coating Sinusoidal waveform 

with a frequency of  

90 Hz and stress ratio  

R = 0. 

The PEO coating caused a reduction of fatigue 

limit by 38% in air and 56% in the solution as 

compared to that of the uncoated specimen in air. 

[155] AZ31 0.5 wt% NaCl PEO coating and 

PEO coating 

with particle 

addition 

Constant amplitude 

tests with a frequency 

of 10 Hz and stress 

ratio R = −1. 

A reduction of fatigue strength of 7% for the PEO 

coated specimen without particles and 27% for the 

PEO coated specimen in the solution with particles 

as compared to that of the uncoated specimen in 

the solution. 

[156] Extruded 

AZ80A 

In air Thermally 

sprayed WC-

12Co/diamond-

like carbon 

(DLC) hybrid 

coating 

Cantilever-type rotating 

bending fatigue testing 

with a frequency of  

19 Hz and stress ratio  

R = −1. 

Thin hybrid coating (15 μm WC-12Co + 3 μm 

DLC) reduced the fatigue strength and thick hybrid 

coating (80 μm WC-12Co + 15 μm DLC) could 

improve the fatigue strength. 

[157] RE-rich 

Mg alloy 

In air PEO coating Rotating bending 

fatigue testing with a 

frequency of 90 Hz and 

stress ratio R = −1. 

15% reduction of fatigue strength caused by PEO 

coating. 

[158] AZ61 In air Alkaline Cu, 

Alkaline 

followed by 

acidic Cu, Ni/Cu, 

and Cr-C/Cu 

electroplating 

Low cycle fatigue test 

with a constant strain 

amplitude of 1.6% 

under a reverse 

triangular wave and in 

strain-controlled mode 

(frequency f = 1 Hz and 

stress ratio R = −1). 

Four types of coatings all decreased the low cycle 

fatigue resistance of AZ61 alloy. The low cycle 

fatigue resistance of the Cu-coated specimen was 

further decreased after electroplating a crack-free 

Ni deposit while it was increased after 

electroplating a Cr-C coating. 

[159] Cast 

AZ91D 

Pre-corrosion 

by neutral salt 

spray (3.5% 

NaCl)  

MAO coating 

and chemical 

oxidation 

Constant amplitude 

spectrum with a 

frequency of 10 Hz and 

stress ratio R = 0.2. 

The fatigue strength of the MAO coated and 

chemical oxidation treated specimen were greatly 

reduced after the pre-corrosion for 168 h. MAO 

coating showed better effectiveness on fatigue 

property than chemical oxidation. No big 

difference between the fatigue lives of the 

specimens with different MAO coating thickness 

after pre-corrosion for 432 h.  

It could be found from literature that fatigue crack usually initiates from the weak sites of 

matrix/coating interfaces, the defects existing in the coating layer, strain capacity mismatching of the 

coating and the matrix, or from the large surface roughness of the coating [160]. Therefore, to 

enhance the fatigue properties in corrosive environments, the future works should concentrate on 

developing a homogenous, defect-free, corrosion resistant coating with a strong bonding adhesion to 

the matrix. 

3.3. Corrosion and corrosion fatigue evaluation methods of uncoated and coated Mg alloys  

Another challenge lies in the evaluation of corrosion and corrosion fatigue performance of Mg 

alloys with or without surface coatings for the purpose of material/surface coating system selection. 

As to the characterization of corrosion performance, the most reliable approach is to conduct a field 

corrosion exposure test, which, however, is costly and much slow (generally takes 2–8 years) [161]. 

Thus, to meet the industries’ need for fast and dependable corrosion ranking of materials, a large 

number of accelerated corrosion techniques have been developed [20]. The commonly used 

accelerated corrosion tests to simulate the real-world exposures in industrial research include some 

static corrosion tests such as neutral salt spray (ASTM B117 [162]), immersion test  

(ASTM D870 [163]), humidity test (ASTM D2247 [164]) and some cyclic corrosion tests. It has 
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been generally accepted that these static corrosion tests do not give a well correlation with the 

realistic results. For example, Standard ASTM B117 always provides much higher corrosion rates of 

Mg alloys as compared to that obtained by field exposures [165]. Nevertheless, it is still a widely 

used method to rapidly give a comparative corrosion assessment of numerous materials and coatings. 

On the other hand, humidity tests and other immersion tests are indeed more of intended to 

investigate and identify the effect of critical factors in the field environments on the corrosion 

performance. Today, there has long been agreed that a cyclic corrosion test that typically involves 

alternating exposure to salt spray, dry and wet conditions is the best way to accurately predict the 

corrosion performance of various materials and coatings. A large number of cyclic corrosion tests, 

which vary from each other in parameters such as salt solution concentration, relative humidity (RH), 

exposure time to salt solution, etc., have been developed by many auto companies. Table 7 outlines 

the commonly employed cyclic corrosion tests by various auto makers and Figure 12 shows the VDA 

233-102 [166] corrosion testing procedures which has a freezing phase to simulate the corrosion 

behavior of automotive materials during cold winter in countries such as Canada. 

It is worthy to notify that most of these cyclic corrosion tests were originally developed for 

automotive steels and Al alloys. For example, the development of Standard SAE J2334 was based a 

5-year vehicular exposure performance of cold rolled and painted steel in Montreal and  

St. John’s [167]. Standard ASTM G85-A2 is used to test the relative resistance of Al alloys to 

corrosion, which was supported by the USAMP work that Standard ASTM G85-A2 and -A4 could 

obtain the best correlation to vehicle exposures for 6000- and 2000-series Al alloys [168]. In the case 

of Mg alloys, however, some of these cyclic corrosion tests may lead to poor results in the corrosion 

ranking or durability prediction. An assessment of 9 OEM corrosion test protocols combined with an 

underbody vehicular exposure in Southern Ontario in Canada for as-cast and powder coated AM60B 

Mg substrates was conducted [169]. General corrosion, galvanic corrosion and corrosion creep at a 

scribed line on coated plates were characterized according to Standard ASTM D610, Standard 

ASTM G46, and Standard ASTM D1654, respectively. Results showed that as compared to the field 

exposure data, cyclic corrosion tests with great cumulative exposure to salt solution significantly 

exaggerated the cosmetic corrosion of as-cast and powder coated Mg alloys and galvanic corrosion 

with Al isolation to the Mg substrates. Only three cyclic corrosion tests with little cumulative 

exposure to salt solution including SAE J2334, L-467 and TPJLR 52.253 could give relatively good 

correlations. This indicates that the vehicular exposure seemingly tends to be simulated by those mild 

laboratory cyclic corrosion tests. However, for the galvanic corrosion without isolation to the 

substrate, those moderate cyclic corrosion tests such as BMW AA-0224 tend to provide more 

realistic results. Further, results showed that there was no big difference in the corrosion creep 

performance of powder coated Mg alloys for all the accelerated corrosion tests. Apparently, cosmetic 

corrosion and galvanic corrosion performance of Mg alloys cannot be characterized by one same 

corrosion protocol. There is a need for developing more improved cyclic corrosion tests to address 

different corrosion behavior or simulate different exposure environments even though there are 

several corrosion protocols capable of providing relatively good correlations to field exposure. 
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Table 7. Partial list of accelerated cyclic corrosion tests used by automotive manufacturers. 

Test  Company Processes in one cycle TRSETD* Ref. 

AA-0224 BMW 

 

24Hr/64Hr [169,170] 

GMW 14872 GM 

 

2Hr/10Hr [169,170] 

HES D6500 CCT Honda 

 

2Hr/16Hr [169,170] 

M0158 CCT-1 Nissan 

 

4Hr/6Hr [169,170] 

TPJLR-52-253 M2 Jaguar 

Land Rover 

 

0.5Hr/84Hr [169,170] 

L-467 Ford 

 

1.67Hr/33.3Hr [169,170] 

P-VW 1210 VW/Audi 

 

20Hr/100Hr [170,171] 

  Continued on next page 
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Test  Company Processes in one cycle TRSETD* Ref. 

TSH1555G 

(Method B) 

Toyota 

 

2Hr/18Hr [170] 

VCS1027, 149 Volvo 

 

1Hr/16Hr [170] 

STD 1027, 1375 Volvo 

 

4Hr/112Hr [170] 

STD 1027, 14 Volvo 

 

0.5Hr/112Hr [170] 

D17 2028 Renault 

 

0.5Hr/7.17Hr [170] 

SAE J2334 USA 

Automotive 

 

0.25Hr/6.25Hr [170,172] 

VDA 621-415 Germany 

Automotive 

 

24Hr/60Hr [170] 

CCT-4 Japan 

Automotive 

 

0.17Hr/8.1Hr [170,173] 

TRSETD*: Time ratio of salt exposure to wetness exposure. 
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Figure 12. Schematic diagram showing the processes of Volvo VDA 233-102 in one 

cycle [166]. 

As to the characterization of corrosion fatigue performance, the most reliable way is to perform 

fatigue tests under real stress cycle in the service environment, which, however, is extremely time-

consuming. As reported, the alternative way that takes much less time is to accelerate the corrosion 

process at the same rate as accelerating the fatigue frequency [174]. Currently, there are two 

approaches to evaluate corrosion fatigue properties of metals: one is conducting the fatigue test with 

simultaneous accelerating corrosion and the other one is pre-corroding the specimen before the 

fatigue test. For the former one, nowadays it is feasible to control the corrosion rate, but the 

interaction between fatigue and corrosion may make the controlling of corrosion rate challengeable. 

Nevertheless, rotating bending test under simultaneous corrosion is still widely used to characterize 

the corrosion fatigue endurance, as indicated in Table 6. For the latter one, as the corrosion process 

occurs before fatigue test, the ignored interaction between fatigue and corrosion might lead to a very 

different result. 

Considering the high sensitivity of Mg alloys to corrosive environments, a large number of 

variables coming from aspects of mechanic, geometry, metallurgy, and environment would influence 

the evaluation of corrosion fatigue properties. Thus, precise control of those variables in the 

corrosion fatigue tests is very important in the future. On the other hand, as the laboratory corrosion 

environments used in most of fatigue tests are continuous corrosion conditions rather than cyclic 

corrosion conditions which can mimic the real-life vehicle conditions [175], it is difficult to give a 

reliable estimation of corrosion fatigue life. Therefore, new device that could perform fatigue tests in 

cyclic corrosion conditions should be developed. 

4. Conclusions 

Mg alloys have found a wide range of applications in automotive industry, but corrosion limits 

their extensive growth. Numerous surface technologies have been used to improve the corrosion 

resistance of Mg alloys in automotive applications, including chemical conversion coating, anodizing, 
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electrochemical plating and organic coating. In this review, advantages and disadvantages of each 

approach are discussed. Besides, other corrosion-related challenges for the growth of Mg alloys in 

automotive industry are reviewed and should be considered in further study. 

(1) Galvanic corrosion is the major challenge that restricted the penetration of Mg alloys in 

automotive industry. More robust coatings and coating processes suitable for treating multi-materials 

are in demand.  

(2) Corrosion fatigue of Mg alloys requires more attention with research interest deviating to 

wrought Mg alloys. A homogenous, defect-free, corrosion resistant coating with a strong bonding 

adhesion to the matrix should be developed to enhance the corrosion fatigue strength of Mg alloys. 

(3) More improved cyclic corrosion tests to address different corrosion behavior or simulate 

different exposure environments should be proposed. New devices that could precisely control the 

variables in corrosion fatigue tests and that could perform fatigue tests in cyclic corrosion conditions 

should be developed. 
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