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Abstract 

 

Magnesium rare earth alloys have excellent mechanical properties and good corrosion 

resistance; as a result, they are used in automobile and aerospace applications.  EV31A 

(Elektron 21) and WE43C (Elektron 43) the two major types of magnesium rare earth alloys 

that were developed for high performance applications at elevated temperatures.  Passivation 

and stress corrosion cracking behaviors of these magnesium rare earth alloys were investigated 

in this study.  The effect of different heat treatment conditions of EV31A and WE43C on the 

environmental degradation behavior in alkaline solutions containing different chloride 

concentrations was investigated.  In general, peak-aged condition show better passivation 

behavior in both alloys.  The threshold chloride concentration for passivity break down in 0.1 

M NaOH solution was 80 ppm for EV31A, and 200 ppm for WE43C in any heat treatment 

conditions.  EV31A shows higher susceptibility to stress corrosion cracking than WE43C. 
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CHAPTER 1 

Introduction 

 

 Magnesium has a long history back to 1755.  Joseph Black, a Scottish chemist, 

discovered magnesium in the form of magnesia, but he was not able to extract this element.  

Until 1808, Sir Humphrey Davy, a British chemist and scientist, was able to extract magnesium, 

and he was named a person who discovered magnesium [1].  After that, many people tried to 

extract this metal in different methods.  In 1941, the extraction of magnesium from dolomite by 

ferrosilicon at high temperature known as the Pigeon process was introduced and was used 

since then [2]. 

  Magnesium is considered as a light metal because the density of magnesium is 1.738 

g/cm3 which is lower than iron (7.874 g/cm3) [3], the famous structural metal.  Magnesium is 

rarely used in a pure form; in contrast, it is a popular structural material alloying with other 

metals.  In the past, aluminum alloys were widely used in the industries where required light 

weight and corrosion resistance; for example, automobile and aerospace industries.  However, 

magnesium alloys become competitive alloys for those industries because magnesium alloys 

are lighter than aluminum alloys around 20% - 30%.  Moreover, their mechanical properties 

and corrosion resistance were improved when alloyed with other metals. 

 Many elements are used to alloy with magnesium which can be widely divided into 2 

types; zirconium-free and zirconium-containing magnesium alloys.  Zirconium is used as a 

grain refiner; however, some elements such as aluminum and manganese are not compatible 

with zirconium and tend to suppress liquid solubility of zirconium.  As a result, zirconium is a 

factor to classify magnesium alloys.  For the zirconium-free types, aluminum is a major alloying 

element with minor elements such as manganese, silicon, and zinc.  The examples of 

magnesium alloys in this category are aluminum-manganese such as AM20, AM50, AM60, 

aluminum-silicon such as AS21, AS41, and aluminum-zinc, the most widely used, such as 

AZ31, AZ81, AZ91.  Zirconium-containing magnesium alloy has zirconium as a grain refiner 

to improve mechanical properties, castability, and corrosion resistance.  Moreover, zirconium 

co-precipitates with impurities such as iron, nickel, and cobalt then they are removed during 

casting process.  In addition to zirconium, many elements except aluminum and manganese are 

alloyed with magnesium; for example, zinc, silver, thorium, rare-earth elements, and yttrium.  
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The examples of systems consisted of these elements are magnesium-zinc-zirconium such as 

ZK51, ZK61, magnesium-rare earth-zinc-zirconium such as ZE41, EZ33, magnesium- silver 

such as QE22, and magnesium-yttrium such as WE54, WE43. 

 In addition to zirconium-free and zirconium-containing magnesium alloys, classifying 

in casting and wrought magnesium alloys is another way to categorize the alloys.  However, 

casting magnesium alloys account for more than 80% compare to wrought magnesium alloys 

because magnesium has a hexagonal crystal structure.  A hexagonal crystal structure has limited 

slip systems which leads to difficult deformation.  The example of wrought magnesium alloys 

is AZ31, the most widely used found in sheet, plate, and extrusion forms.  Another example is 

AZ81, found in extrusion and forging forms.   

 Because of high strength to weight ratio of magnesium alloys, many commercial alloys 

are introduced to the industries, especially automobile and aerospace applications.  Magnesium-

aluminum alloys are the most well-known and used wide spread because aluminum is the early 

element used to alloy with magnesium.  Moreover, aluminum content can be varied to achieve 

desirable properties; for example, low aluminum content provides good ductility, 6 wt% of 

aluminum provides best mechanical properties [1], and high aluminum content provides high 

strength and good castability.  In magnesium-aluminum alloy system, zinc may be added to 

improve tensile properties while manganese is added to improve corrosion resistance.  

Magnesium-zinc-copper alloys are developed to get ductility and stability at elevated 

temperature whereas tensile properties are similar to AZ91 which is in magnesium-aluminum 

system.  Magnesium-zinc-zirconium alloys are another type of commercial magnesium alloys.   

However, microporosity is a problem of these alloys, so they are not widely used. 

 Rare earth elements improve strength at elevated temperature and creep resistance of 

magnesium alloys.  The word “rare” does not mean that these elements are scarce; in contrast, 

they are abundant in nature.  Some elements may be more available than silver.  In fact, the 

word “rare” refer to the difficulty to extract from the minerals [4].  Rare earths are added in 

several systems.  The first system is magnesium-rare earth-zinc-zirconium alloys.  The 

microporosity problem in magnesium-zinc-zirconium is resolved when rare earths are 

introduced to improve fluidity of the alloys.  Another system is magnesium-silver alloys.  These 

alloys; for example, QE22, have high strength at high temperature up to 250 °C while creep 

resistance is up to 200 °C; however, the price of these alloys is high.  Magnesium-yttrium alloys 
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are developed to increase creep properties and corrosion resistance.  Compare to magnesium-

silver alloys, magnesium-yttrium alloys have higher strength and better creep resistance. 

 Table 1.1 shows the comparison of mechanical properties of selected casting and 

wrought magnesium alloys. 

 
Table 1.1 Mechanical properties at room temperature of selected magnesium alloys. 

Mechanical property at room temperature 

Magnesium alloy 

Casting alloy  Wrought alloy 

AZ91-T6 AM50 AS41  AZ31 WE54-T6 WE43-T6 

    sheet forging extrusion 

Yield strength (MPa) 120 125 135  120 180 160 

Ultimate tensile strength (MPa) 200 200 225  240 280 260 

Elongation % 3 7 4.5  10 6 6 

 

 Even though magnesium alloys are competitive in aerospace, automobile, and other 

industries where require light weight, corrosion is a problem which is tried to overcome.  

Magnesium is a very active metal which has an electrode potential at -2.37 VSHE whereas an 

electrode potential of aluminum is -1.66 VSHE.  In addition, the ratio between magnesium 

substrate and its passive film, known as Pilling-Bedworth ratio, is 0.81 while the Pilling-

Bedworth ratio of aluminum is 1.38.  This ratio shows the ability of passive film of metals.  If 

the ratio is more than 1, it means that the surface of that metal is completely protected by its 

passive film.  In contrast, if Pilling-Bedworth ratio is less than 1, a passive film does not 

completely protect a substrate metal.  The passive film of magnesium and magnesium alloys 

consists of two layers; an outer layer which is Mg(OH)2, and an inner layer which is MgO [5].  

The passive film is stable in pH > 10.5, and it will be more protective in electrolytes containing 

F- ion.  However, the passive film is susceptible to Cl-, SO32-, SO42- , NO3-  , PO43- , and CO32-. 
 When magnesium alloy applications are in service, they are usually under stress and 

corrosive environment.  Two of these factors as well as magnesium alloy itself are all three 

factors which cause stress corrosion cracking.  The trend of using magnesium alloys in high 

performance applications such as aerospace and racing car is increasing.  It means that the alloys 

encounter higher stress than normal applications.  In addition, if stress corrosion cracking occurs 

with these applications, it will lead to serious catastrophe.  Different types of magnesium alloys 

react with stress corrosion cracking in different levels; for example, zirconium-containing 
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magnesium alloys are less susceptible than zirconium-free magnesium alloys, and casting 

magnesium alloys are also less susceptible than wrought alloys [2]. 

 In the late 1980s, magnesium alloy WE43 (Mg-Y-RE-Zr) was produced and developed 

since then to the latest series known as WE43C or Elektron 43.  In the late 1990s, EV31A or 

Elektron 21 (Mg-Zn-Gd-Nd-Zr) was launched to the market [6].  Both alloys show good 

mechanical properties at elevated temperature, and good corrosion resistance.  EV31A is a 

casting magnesium alloy which can be used at the temperature up to 200 °C.  Additionally, it 

has good castability because of the absence of yttrium which is present in WE43 and Elektron 

43.  Moreover, the absence of yttrium can reduce the price of EV31A.  WE43C is a wrought 

magnesium alloy which can be used at the temperature up to 250 °C.  Mechanical properties of 

WE43C are better than of EV31A as shown in Table 1.2.  Table 1.2 also shows mechanical 

properties of magnesium alloys AZ91 and AZ31, aluminum alloy 2024 in T6 condition, and 

low carbon steel 1020.  The last two materials are used in aerospace applications. 

 While EV31A and WE43C become more widely used because they have good 

mechanical properties, and good corrosion resistance, the studies of their corrosion behavior in 

different corrosive environment are limited.  Most of the experiments were conducted on very 

aggressive chloride concentration such as 3.5 wt% of NaCl (~21300 ppm Cl-).  At this 

concentration, it may be difficult to study passivation behavior of both EV31A and WE43C 

because passive film may not repassivate.  In addition, it may be difficult to study pit initiation 

that causes pitting corrosion and may lead to stress corrosion cracking because pits may grow 

too fast to notice after they initiate.  In terms of materials, most of the studies focused on 

magnesium-aluminum alloys which has been invented since 1930s [6], and WE43 which is the 

casting magnesium alloy. 

 Due to the fact that demand of using EV31A and WE43C increases, especially in the 

industries where require high performance and good corrosion resistant materials, but the 

understanding of pitting corrosion, and stress corrosion cracking is restricted, the project in this 

thesis was conducted to fulfill the knowledge of pitting corrosion, and stress corrosion cracking.  
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6 

 This project focuses on two magnesium rare earth alloys which are EV31A and WE43C.  

These alloys were used to study passivation behavior and pitting protection in different heat 

treatment conditions, and in alkaline solution (0.1 M NaOH, pH 13) with different chloride 

concentration from 0 to 1000 ppm.  Moreover, pit initiation was investigated.  The study of 

EV31A is introduced in Chapter 2, and of WE43C is discussed in Chapter 3.  To understand 

the passivation of these magnesium rare earth alloys more, EV31A and WE43C were passivated 

in different concentration of NaOH which were 0.01 M, 0.1 M, and 1 M as discussed in Chapter 

4.  Chapter 5 is discussed stress corrosion cracking of the alloys.  The U-bend tests were applied 

to the specimens because they were economically, and many experiments could be run at the 

same time.  The corrosive environment was simulated in 80, 100, 200 ppm chloride 

concentrations. 
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Abstract 

 Mg-Zn-Gd-Nd-Zr alloy (EV31A) is a heat-treatable magnesium (Mg) cast alloy that can 

be used up to 200 °C for automobile and aerospace applications.  This alloy has excellent 

mechanical properties (ultimate tensile strength: 280 MPa at room temperature, and ~230 MPa 

at 200 °C) and improved corrosion resistance.  Electrochemical corrosion studies were 

conducted on this alloy under different heat treatment conditions in 0.1 M NaOH solution with 

the addition of 0 – 1000 ppm of chloride.  The alloy showed excellent passivity in the 0.1 M 

NaOH solution.  The passive potential range typically extended to more than 1.2 VAg/AgCl.  The 

transpassive potential was observed to be dependent on heat treatment condition of the alloy.  

More than 80 ppm of chloride was required to induce passivity breakdown in any heat treatment 

condition.  Peak aging at 200 °C for 16 h imparted better resistance for localized corrosion than 

other heat-treated conditions.  The alloy in the as-received condition showed the highest 

passivation kinetics due to its smaller grain size that possibly increased the diffusion of reactive 

elements to form protective oxide.  The passive film of the EV31A alloy showed n-type 

semiconductivity with a charge carrier density of ~2 ´ 1021 cm-3 with no chloride addition.  The 

charge carrier density increased with chloride addition in the electrolyte which could be 

correlated with the susceptibility to localized corrosion. 

Keywords: Magnesium alloy; Corrosion; Passivation; Chloride 
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2.1 Introduction 

 Magnesium-based alloys have excellent strength-to-weight ratio, because of which they 

find applications in automobile, aerospace and biomedical devices and components.  However, 

Mg alloys are limited by poor formability, texturing effect and creep resistance.  Alloying with 

rare earth elements helps overcome some of these limitations.  Microalloying with RE has been 

observed to improve the ductility and weaken the texturing effect [1, 2].  Zr is added as alloying 

element in Al-free Mg alloys to mitigate the detrimental behavior of impurities such as Fe, Ni 

and Co which otherwise will form cathodic intermetallic compounds and increase the corrosion 

attack.  Zr also improves the mechanical properties by refining the grains [3, 4].  Alloying with 

RE also improves the high-temperature tensile strength and creep resistance [5].  Alloy EV31A 

(also known as Elektron 21 from Magnesium Elektron N.A. Inc.) was recently introduced as an 

alternate to the widely known WE43 alloy owing to its low cost, easy castability due to the 

absence of yttrium, and enhanced corrosion resistance [6].  The corrosion rate of the EV31A 

alloy has been reported to be 10 – 30 m/y based on the ASTM B117 salt spray test [7]. 

 EV31A nominally has (in wt%) 0.2% - 0.5% Zn, 2.6% - 3.1% Nd, 1.0% - 1.7% Gd and 

saturated amount of Zr as alloying additions.  Zr has a calculated solubility of about 0.76 at.% 

in liquid Mg and about 0.2 at.% at 400 °C [8].  The maximum solid solubility of Zn at eutectic 

temperature is 2.4 at.% and decreases to about 0.1 at.% at room temperature.  The identified 

secondary phases in the Mg-Zn-Zr system are MgZn, Mg7Zn3, Zn2Zr3, ZnZr, (Zn, Mg)2Zr and 

Zn2(Mg, Zr) [9].  Out of these, Zn2Zr3 phase is most likely present in the EV31A alloy [10]. 

 The terminal solid solution of Nd in Mg is considered to be 0.7 at.% at its eutectic 

temperature (822 K), and the secondary phases that are in equilibrium with the solid solution 

are Mg41Nd5, Mg3Nd, Mg2Nd, MgNd and Mg12Nd [11].  The Mg2Nd phase is considered to be 

metastable since only the quenched sample contained this phase and not the annealed ones [12].  

The terminal solid solubility of Gd in Mg is reported to be 23.49 wt% at 548 °C (eutectic 

temperature), and the secondary phases of the Mg-Gd binary system are Mg5Gd, Mg3Gd, 

Mg2Gd and MgGd.  Addition of Nd and Gd together helps improve the age hardening response 

as the solubility of Gd is reduced with the incorporation of Nd [13].  Zinc is also considered to 

enhance the age hardening response and creep strength of Mg-Gd alloys [14].  In a Mg-Nd-Gd 

system, addition of Zn can delay the overaging process at 250 °C and increase the hardness 

[13]. 
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 Addition of Zn to Mg-Nd-Gd-Zr system was observed to increase the corrosion 

resistance when the Zn content was around 0.2% exfoliation-type corrosion attack observed and 

with 0.75% Zn the corrosion occurred by preferential dissolution of zinc zirconide-type coarse 

precipitates [13].  Good corrosion resistance was observed when the Zn content was in the range 

of 0.2% - 0.55% and Gd was <1.75%. 

 The EV31A alloy can be solution-heat-treated at 525 °C for 8 h followed by quenching 

in warm water at 60 – 80 °C.  After quenching, the alloy can be artificially aged in the 

temperature range of 150 – 300 °C for different time periods to achieve desired results.  The 

precipitation reactions occurring during the aging process are reported to follow the sequence 

of a-Mg ® b² ® b¢ ® b (Mg3RE) ® Mg41RE5 [15].  The b² phase has a platelet morphology 

of 8 nm long and 2 nm thick coherent with the matrix under peak hardening condition [16].  

The b¢ phase is metastable and semicoherent with matrix with spherical morphology.  The 

lattice structure of the b¢ phase is body-centered orthogonal.  The stable b phase (Mg3RE) has 

an FCC structure [16]. 

 The composition of b² in EV31A has not been clearly reported due to its nanoscale size 

and limitations in imaging of Mg under ion field [17].  Using 3-D atom probe, Nie and 

coworkers [17] reported that the composition of ordered G.P. zone precipitates in a Mg-RE-Zn-

Zr alloy was 3.2 at.% Nd, 1 at.% Ce and 1.2 at.% Zn.  The composition of b¢ phase of Mg-Nd-

Gd alloys was reported to follow the stoichiometry of Mg6Nd [18].  Increasing the Nd:Zn ratio 

increased the Nd content of the b¢ phase precipitates.  When the Nd:Zn ratio was 2:1, the 

precipitates were of Mg5Nd type and when Nd:Zn ratio was 1:1, the b¢ phase was of Mg9Nd 

type.  This composition is different from that reported by Kielbus et al. [15]. 

 Most of the corrosion studies of Mg-RE alloys have been carried out in chloride-

containing solutions that are mimicking either marine or biological environment [19, 20].  

Scully and coworkers compiled open-circuit potentials (OCPs) or corrosion potentials (Ecorr) of 

different Mg alloys exposed to different concentrations of NaCl solutions (0.01 – 5 M) in near 

neutral pH conditions and observed that Mg-RE alloys showed the most negative corrosion 

potentials or similar to the potentials of pure Mg, when the total RE content was < 2.75 wt% 

[21].  Increasing the chloride concentration shifts the OCP to a more cathodic potential.  The 

alloy WE43 shows a more negative OCP (between – 1.75 and – 1.85 VSCE) than that of pure 
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Mg (– 1.6 to – 1.72 VSCE) in the neutral chloride solutions.  The Mg3Nd intermetallic has a 

relatively less cathodic OCP (- 1.55 VSCE) in 0.1 M NaCl [22].  Increasing the pH increases the 

OCP.  The more active corrosion potentials observed in Mg-RE alloys than those of pure Mg 

are counter-institutive to the well-documented “reactive element effect” of rare earth elements 

that enhances the protective characteristics of the surface oxide [23].  Most of the available 

reports on corrosion of Mg-RE alloys pertain to cast structures.  Recently Birbilis and coworkers 

investigated the influence of low levels of Zn, Gd, and Zr in Mg for wrought applications [24].  

They observed that addition of Zr and Gd generally resulted in enhanced kinetics of cathodic 

reaction in Mg-0.4Zn-0.8Ca alloy, and reduced the anodic reaction kinetics.  Overall, the 

investigated Mg alloys showed higher corrosion rates than pure Mg, because of higher cathodic 

kinetics, and ennobled corrosion potentials. 

 Passivation of Mg alloys has been observed in high alkaline solutions.  Ismail and 

Virtanen [25] observed large fluctuations in OCP (between – 1.6 and – 0.55 VSCE) of AZ31 

alloy in 0.5 M KOH.  The potential shifts were cyclic in nature and were attributed to the 

formation of passive film and subsequent dissolution.  Similar type of OCP fluctuations was 

observed in pure Mg exposed to 1 M NaOH solution by Taheri and Kish [26].  These authors 

proposed that hydration of the initially formed crystalline MgO layer caused stress induced 

localized breakdown of the surface film on Mg.  During the film formation process, the OCP 

shifted to less negative values.  The breakdown of the film caused the OCP to move back to its 

original values, and subsequent repair of the film caused ennoblement of the OCP.  Li et al. 

[27] investigated passivation behavior of AZ31B die cast Mg-Al-Zn-Mn alloy in alkaline 

(NaOH) solutions with pH 10 – 14.  These authors found that the thickness of the surface layer 

was different on different phases of the specimen when exposed to pH ³ 13 solutions, whereas 

uniform thickness of the film was noticed on all phases in the entire surface when tested in pH 

12 solution.  The reduction in pH to 11 caused galvanic corrosion between different phases. 

 Song and Unocic [28] investigated anodic surface films formed on Mg in Mg(OH)2-

saturated solution.  They observed intensive hydrogen evolution even at the potentials more 

positive than the equilibrium hydrogen evolution potential due to formation of univalent Mg 

ions and subsequent reaction with water.  The surface film became more porous due to 

intensified anodic H2 evolution.  Cao et al. [29] critically reviewed the literature on the 

passivation of Mg alloys and recommended future research directions.  The review discussed 
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different scenarios of rendering passivity in Mg, such as kinetically induced passivation by 

alloying with Cr, Ti, Al, Ni, Zr, etc., passivation in special environments, design of heat 

treatments for passivation and microstructural modifications by processing conditions.  

Recently, Song et al. [30] prepared Mg-Ti alloy thin films by magnetron sputtering and studied 

their passivation behavior in 0.1 wt% NaCl solution saturated with Mg(OH)2.  They observed 

that about 51 at.% of Ti was required to induce passivity on the Mg-Ti alloys.  At a lower 

addition of Ti, the passivation was not effective. 

 Yao et al. [31] investigated the passivation behavior of Mg-Y alloys in alkaline chloride 

solutions and observed incorporation of Y2O3 in the passive film which enhanced passivity.  

Pinto et al. [32, 33] studied passive behavior of Mg-Zr-RE alloys, such as ZK31, EZ33 and 

WE54, in alkaline media with and without chloride addition and in borate buffer solution.  The 

passive film in alkaline solution consisted of an outer Mg(OH)2-type layer and an inner MgO 

layer without the presence of alloying elements.  On the other hand, in borate buffer solution 

(pH 9.2), an amorphous yttrium oxide/hydroxide thick layer was observed that imparted higher 

corrosion resistance to the WE54 alloy.  Alloying with RE was observed to improve the 

corrosion resistance when the RE was in the solution.  When RE segregated along grain 

boundaries as a secondary phase, microgalvanic effect was noticed. 

 The foregoing discussion on the corrosion literature of Mg-RE alloys mostly pertains to 

cast structures in the neutral chloride solutions.  The effect of wrought microstructures (that 

will have much smaller and uniformly distributed secondary phase particles) on the corrosion 

behavior has not been investigated in detail.  The typically used 0.1 M NaCl that mimicks the 

marine atmosphere may be too aggressive to understand the effect of microstructures on the 

corrosion behavior of Mg-RE alloys.  Furthermore, the passivation behavior of EV31A has not 

been investigated in detail to the best of the authors’ knowledge.  In this study, the 

electrochemical passivation behavior of EV31A under different heat-treated conditions was 

evaluated to understand the effect of aging microstructure and chloride concentration in 0.1 M 

NaOH solution (pH 13.5) on the passivity breakdown at room temperature.  The strong alkaline 

solution was employed because Mg can form a stable surface film at pH > 11 according to the 

potential pH equilibrium diagram of Mg-H2O [34].  Therefore, this work is fundamental in 

nature. 
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2.2 Experimental 

 The material used in this investigation was Mg-Zn-Gd-Nd-Zr alloy (EV31A), a 16-mm-

thick plate provided by Magnesium Elektron N.A. Inc.  It was cut into 1.5 cm ´ 2.5 cm ´ 0.3 

cm coupons.  The as-received coupons were solution heat-treated at 525 °C for 8 h and 

quenched in water.  Aging treatments were carried out at 200 °C for 16 and 100 h and then 

cooled in air.  The specimens were ground with SiC paper up to 600 grit and cleaned with 

methanol and dried in air just before corrosion test.  For microstructural observation and 

microhardness test, the specimens were ground with SiC paper up to 1200 grit and 1-micron 

diamond suspension and then cleaned with methanol and dried.  Etching was carried out to 

reveal the grain boundaries of tested specimens with glycol etchant containing 10 ml HNO3, 24 

ml water, 75 ml ethylene glycol.  The optical microscopy on the etched specimens was 

conducted using an OLYMPUS PMG3 optical microscope.  Vickers hardness was measured 

using a microhardness tester (Leco, LM100 from Leco) and a load of 10 g.  The reported values 

are average of at least ten readings in each specimen. 

 The electrochemical measurements were conducted by using 3-electrode flat PTFE 

electrochemical cell with a Pt wire spiral (2.5 cm2 surface area) as counter electrode and KCl-

saturated Ag/AgCl (199 mV vs SHE) as reference electrode and a potentiostat (VersaSTAT 

MC, and VersaStudio software version 2.42.3 from Princeton Applied Research).  The exposed 

surface area of specimen was 1 cm2.  The electrolytes were 0.1 M NaOH (pH 13.5) with 

different chloride concentrations (0, 80, 100, 200, 500 and 1000 ppm Cl- in the form of NaCl).  

The cyclic polarization was performed at 0 – 2.5 V vs OCP at a scan rate of 1 mV/s.  It should 

be noted that the apex potential is much higher than the equilibrium potential of oxygen 

evolution (water stability limit), and may not be very relevant to practical service conditions.  

However, such a high potential was found to be necessary for evaluating the passivity 

breakdown under different heat treatment conditions.  No correction was carried out to account 

for the iR drop in the system, and thus, the effect of solution conductivity was unknown.  The 

potential scans were reversed at 2.5 VAg/AgCl, or when the transpassive current density was 

reached 1 mA/cm2.  The potentiostatic tests were conducted for 3600 s at the middle of the 

passivation range.  Electrochemical impedance spectroscopy (EIS) measurements were carried 

out under potentiostatic condition by applying the passivating potential and superimposing an 

AC signal of 10 mV, and scanning the frequency from 100 kHz down to 10 mHz.  Mott-
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Schottky measurements were carried out at a frequency of 316 Hz by scanning the potential of 

the specimens from the middle of the passivation range to OCP at 50 mV steps. 

 

2.3 Results and Discussion 

2.3.1 Microstructural Characterization 

Figure 2.1(a) – (d) illustrates the optical microstructure of the specimens in different 

heat treatment conditions.  Figure 2.1(a) shows the as-received microstructure of the T-S 

(transverse-short transverse) orientation.  Banding and texturing across the thickness of the 

plate with fine grain size can be observed.  The X-ray diffraction (XRD) pattern of the as-

received specimen has several minor peaks associated with secondary phases such as Mg12Nd, 

Mg3RE and Mg41Nd5, as shown in Fig. 2.2(a).  Solution treatment considerably reduced the 

banding and texturing and resulted in grain growth with an average grain size of about 30 µm.  

The presence of intermetallic phases within grains and along grain boundaries can be observed 

as shown in Fig. 2.1(b).  The undissolved secondary phase particles have been identified as 

Mg12Nd by other investigators [35].  The XRD results shown in Fig. 2.2(a) support the presence 

of MgxRE phase in the solution-treated alloy.  The microstructure of the peak-aged specimen is 

illustrated in Fig. 2.1(c). 

Since the peak aging can result in precipitation of nanoscale b² phase that is coherent 

with the matrix, the optical microstructure of the peak-aged sample cannot be significantly 

different from that of the solution heat-treated (ST) specimen.  The XRD pattern of the peak-

aged (PA) specimen is more or less similar to that of the ST.  Figure 2.1(d) shows the 

microstructure of the overaged (OA) specimen.  Cellular-type precipitates nucleate at the grain 

boundaries.  Some grains that were etched dark are considered to have a high volume fraction 

of the cellular-type b phase (Mg3RE) precipitation within the grains.  The dark-etched bands 

running across grains suggest preferential precipitation of b phase on these highly strained 

locations that contained a high density of dislocations.  The XRD pattern indicates the presence 

of Mg3RE-type b phase in the OA sample. 

Figure 2.2(b) illustrates the Vickers hardness of the specimens.  Almost similar hardness 

was observed for the specimens in the as-received (AR) and solution heat-treated (ST) 

conditions.  Heating at 200 °C for 16 h (T6 condition) is considered to be peak aging as the 

hardness reached the highest value 84 VHN (kgf/mm2).  Aging at 200 °C for 100 h resulted in 
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hardness of 80 VHN.  The peak-aging and overaging conditions are categorized based on their 

microstructures and hardness values.  Similar results have been reported by other investigators 

[15]. 

 

     

     
Fig. 2.1 Optical microstructures of EV31A in different heat treatment conditions: (a) as-received, (b) solution heat-treated,    
(c) peak-aged (200 °C, 16 h), (d) overaged (200 °C, 100 h). 
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Fig. 2.2 (a) XRD patterns of EV31A in different heat treatment conditions, (b) Vickers hardness of EV31A in different heat 
treatment conditions.  AR as-received, ST solution heat-treated, 200/16 peak-aged (PA) at 200 °C for 16 h, 200/100 overaged 
(OA) at 200 °C for 100 h. 
 

2.3.2 Cyclic Polarization Behavior 

 Figure 2.3(a) illustrates the cyclic polarization plots of the EV31A specimens in 0.1 M 

NaOH solution without chloride addition.  The ST specimen showed the most active corrosion 

potential, and the AR specimen showed the least active corrosion potential.  The variations in 

the OCP could be due to the differences in the microstructures that show different cathodic and 

anodic reaction kinetics.  Based on the mixed potential theory [36], more active OCP values 

can be anticipated when the exchange current density for cathodic reaction is lower or the 

cathodic Tafel slope is steeper for a given anodic reaction kinetics.  Alternately, for a given 

cathodic reaction kinetics, lower corrosion potential will be observed when the exchange 

current density for the anodic reaction is higher or the Tafel slope of the anodic reaction is 

shallower.  Since better passivation behavior is expected when the RE and other alloying 

elements are in solid solution, steeper Tafel slope of anodic reaction is expected.  Chu and 

Marquis reported steeper cathodic Tafel slope and lower exchange current density for the 

solution-treated WE43 alloy than that of peak-aged condition [37].  Based on the foregoing 

discussion, it should be noted that lower activity for the cathodic reaction could be the reason 

for the more negative OCP of the solution-treated specimens.  Both PA and OA specimens 

showed almost similar OCP values between the OCPs of the ST and AR specimens.  It is 

interesting to note that ST, PA and OA specimens showed almost similar passive current 

densities in the range of 2.67 – 4.1 µA/cm2. 
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Fig. 2.3 Cyclic polarization results of EV31A specimens in different heat-treated conditions in 0.1 M NaOH with different 
chloride additions: (a) 0 ppm Cl-, (b) 80 ppm Cl-, (c) 100 ppm Cl-, (d) 200 ppm Cl-, (e) 500 ppm Cl-, (f) 1000 ppm Cl-. 
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The passive current density was the lowest for the ST condition at 2.67 µA/cm2, and it 

increased for the aging condition, while the OA specimen showed 4.11 µA/cm2.  The AR 

specimen showed an even higher current density (7 – 10 µA/cm2) which increased with anodic 

polarization indicating possible presence of a highly disordered or defective passivation layer.  

Passivation of the specimens was observed between -1 VAg/AgCl and +1.6 VAg/AgCl.  The 

transpassive potentials were not significantly different among the different heat treatment 

conditions.  When the potential scan was reversed after reaching the transpassive condition, a 

small hysteresis was observed as the reverse scan did not exactly trace the forward current 

profile.  The cross-over potential of the reverse scan on the forward scan curve is considered 

generally as pitting protection potential.  However, in the 0.1 M NaOH without any chloride 

addition no pitting is expected to occur.  All the other specimens in chloride-containing 

solutions showed hysteresis and breakdown of passivity.  In stainless alloys, such as Ni-Cr-Mo 

alloys, the transpassive current could be associated with oxygen evolution reaction as given in 

reaction (1) and not the metal dissolution [38]. 

4OH- ® O2 + 2H2O + 4e-.   (1) 

 In addition to the oxygen evolution, the other possible transpassive reactions of Mg in 

alkaline solution without chloride are given as follows: 

2Mg + 8OH- ® 2MgO + O2 + 4H2O + 8e- , (2a) 

MgO + H2O ® Mg(OH)2 ,   (2b) 

Nd(OH)3 + OH- ® NdO2 + 2H2O + 2e- , (3a) 

2NdO2 + 3H2O ® 2Nd(OH)3 + !" O2 , (3b) 

Zn + 4OH- ® ZnO""$ + 2H2O + 2e- ,  (4) 

Zr + 5OH- ® HZrO%$ + 2H2O + 4e- .  (5) 

 It is documented that the passivity of Mg-RE alloys is attributed to the formation of 

MgO and Mg(OH)2 layers on the surface with incorporation of RE oxide/hydroxide [32].  No 

surface analysis of the passive film was carried out in this work to support the incorporation of 

rare earth oxide in the surface layer.  It is simply a hypothesis based on the data presented in 

[32].  At the transpassive conditions (when the polarization potential is sufficiently high for 

oxygen evolution), chemical dissolution of the cations from the passive layer could occur aided 
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by oxygen evolution reaction.  This dissolution weakens the passive layer, and a series of 

reactions given in (2a) – (5) are postulated to take place. 

 The reactions (2a) and (2b) are the regular passive film formation reactions, and those 

also occur in the transpassive condition at the sites disrupted by the oxygen evolution reaction.  

Reaction (3a) is oxidation of Nd3+ to Nd4+ which is not stable in aqueous electrolyte and 

therefore can revert back to Nd3+ by evolving oxygen [39].  The oxidation reactions of the 

alloying elements proposed through reactions (2a) – (5) in combination with oxygen evolution 

reaction could result in hysteresis.  During the reverse scan, less potential was required to induce 

the same current as compared to the forward scan.  This could be due to decrease in resistivity 

of the passive layer.  The resistivity is influenced by the charge carrier densities of the passive 

layer.  Introduction of Schottky- or Frenkel-type defects in the passive layer affects the 

electronic conductivity during polarization and therefore causes hysteresis in the cyclic 

polarization.  Alternately, the increase in surface area due to transpassive dissolution of Mg and 

other alloying elements could also be attributed to the minor hysteresis observed in the cyclic 

polarization plot. 

 Table 2.1 summarizes the cyclic polarization results in 0.1 M NaOH.  The cross-over 

potentials of ST, PA and OA specimens are 1.52, 1.31 and 1.47 VAg/AgCl, respectively.  Below 

the cross-over potential, the passive current density of the reverse scan is much lower than that 

of the forward scan.  The AR specimen shows a cross-over potential of 1.07 VAg/AgCl.  This 

result indicates that anodic polarization in the transpassive range introduced a high density of 

defects in the passive layer of the as-received specimen, and it took a long time to recover or 

anneal out the defects during the reverse scan.  In other words, the passive layer of the AR 

condition was less stable perhaps due to the banded and the textured microstructures of the 

substrate. 

 
Table 2.1 Cyclic polarization results of EV31A specimens in different heat-treated conditions in 0.1 M NaOH. 

Sample OCP 
(V vs Ag/AgCl) 

ETranspassive 
(V vs Ag/AgCl) 

ECross-over 
(V vs Ag/AgCl) 

Passive current density 
(µA/cm2) 

AR -1.03 1.67 1.07 7.00 

ST -1.50 1.73 1.52 2.67 

Peak-aged -1.20 1.52 1.31 3.90 

Overaged -1.21 1.58 1.47 4.11 
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 Figure 2.3(b) shows the cyclic polarization of the specimens in 80 ppm Cl- containing   

0.1 M NaOH solution.  The AR specimen has a higher OCP than other specimens.  The 

polarization curves of PA and OA specimens indicate two different anodic processes in the 

potential window from -1.6 to -0.8 VAg/AgCl. 

 Polarization curves with an inflection point or a two-step process have been reported for 

ZK31 alloy [33] and Mg [40].  Natta attributed the current peak at the lower potential to the 

formation of univalent Mg 

Mg ® Mg+ + e- E0 = -2.28 VAg/AgCl ,  (6) 

and the second oxidation shoulder at the slightly higher potential to the reaction of forming 

divalent Mg ions: 

Mg ® Mg2+ + 2e- E0 = -1.36 VAg/AgCl.  (7) 

 It should be noted that no direct evidence of the formation of Mg+ has been reported 

although the involvement of Mg+ in the anodic dissolution in film broken areas has successfully 

explained numerous electrochemical corrosion phenomena of Mg alloys.  In case of the AR 

specimen, the oxidation shoulder of formation of monovalent Mg was not revealed because the 

OCP was more positive than the Flade potential.  Addition of 80 ppm Cl- did not affect the 

passive current density and the transpassive potentials as summarized in Table 2.2.  The pitting 

protection potentials recorded for the specimens in 80 ppm Cl- were similar to their counterparts 

in the 0.1 M NaOH solution without chloride addition.  These results indicated that the EV31A 

alloy can be safely used in 80 ppm Cl--containing environment of pH 13.  It should be noted 

that the high pH environment may not represent a real service condition.  However such a study 

presented here helps fundamentally understand the passivity nature of Mg-RE alloys. 

 
Table 2.2 Cyclic polarization results of EV31A specimens in different heat-treated conditions in 80 ppm Cl- solution. 

Sample OCP 
(V vs Ag/AgCl) 

ETranspassive 
(V vs Ag/AgCl) 

ECross-over 
(V vs Ag/AgCl) 

Passive current density 
(µA/cm2) 

AR -1.66 1.64 1.27 2.50 

ST -1.57 1.61 1.37 1.66 

Peak-aged -1.55 1.58 1.29 1.21 

Overaged -1.57 1.62 1.38 2.20 

 

 Figure 2.3(c) – (f) shows the cyclic polarization results in 0.1 M NaOH with the addition 

of 100, 200, 500 and 1000 ppm chloride.  Increasing the chloride additions did not increase the 
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passive current density.  The maximum passive current density recorded was 4.75 µA/cm2 for 

the peak-aged specimen in 500 ppm Cl-.  In other test conditions and specimens, the passive 

current densities were in the range of 1.5 – 2.8 µA/cm2.  However, the pitting protection 

potential was influenced by the chloride content and the aging condition. 

 As discussed earlier, addition of 80 ppm Cl- did not affect the stability of the passivity 

of the EV31A specimens.  Increasing the Cl- level to 100 ppm shifted the pitting protection 

potentials to 1.06, 1.37, 1.16 and 1.2 VAg/AgCl for the AR, ST, PA and OA specimens, 

respectively.  Increasing Cl- concentration to 200 ppm did not affect the stability of the passive 

films of AR, ST and PA specimens significantly as observed in Fig. 2.3(d).  However, the pitting 

protection potential of OA specimen decreased to 0.64 VAg/AgCl upon the addition of 200 ppm 

Cl-.  Further increasing the chloride level to 500 ppm decreased the pitting protection potential 

of the AR, ST and PA specimens to -0.02, -0.87 and 0.59, respectively.  The OA specimen did 

not repassivate during the reverse scan as observed in Fig. 2.3(e).  Increasing the chloride 

concentration to 1000 ppm caused complete breakdown of the passive film of the specimens 

during the reverse scan and considerably decreased the transpassive potentials as compared to 

that of 500 ppm Cl-.  The transpassive potentials in 1000 ppm Cl- solution were 0.48, -0.37, 

0.18 and 0.22 VAg/AgCl for the AR, ST, PA and OA specimens, respectively. 

 Figure 2.4(a) – (d) shows the cathodic polarization plots of EV31A alloy in different 

heat treatment conditions in 0.1 M NaOH solution with different chloride (NaCl) additions.  

Table 2.3 summarizes the cathodic polarization results.  The cathodic reaction is considered to 

be hydrogen evolution reaction.  The equilibrium potential for hydrogen evolution in pH 13.5 

solution is about -1.0 VAg/AgCl.  Even though there is not a clear dependence of the hydrogen 

evolution reaction (HER) kinetics on different heat treatments and different chloride 

concentrations from Table 2.3, the following observations can be summarized. (1) The as-

received specimens show lower cathodic reaction kinetics than the other heat treatment 

conditions in low chloride concentrations.  (2) The peak-aged specimens show slower cathodic 

reaction kinetics in 0 and 100 ppm chloride additions.  (3) The Tafel slopes vary from 0.13 to 

0.21 V/decade in general, which indicates that the HER was controlled by Volmer reaction: M 

+ H2O + e- ® MH + OH- [41], followed by Tafel reaction: MH + MH ® 2M + H2, where M 

denotes metal active site for hydrogen adsorption.  The polarization plots indicate that the 

exchange current density for hydrogen evolution is very low in the range of pA/cm2 to nA/cm2.  
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Song et al. [42] reported an exchange current density in the range of 5 – 7 pA/cm2 for Mg in 

pH 13 Na2SO4 solution and a Tafel slope of 260 mV/decade.  On the other hand, Frankel et al. 

[43] reported a very high Tafel slope of 0.75 V/decade and an exchange current density of 4 

µA/cm2 for Mg in neutral NaCl solution.  The high exchange current density of Mg in chloride 

solution could possibly be attributed to enhanced surface area due to dissolution of Mg.  In high 

pH solutions, not only passivation is induced on Mg alloys but also the rate of cathodic 

hydrogen evolution reaction is lower.  Birbilis and coworkers [44] reported enhanced hydrogen 

evolution on Mg(OH)2-covered Mg surfaces.  The rate of HER on the Mg(OH)2 was 4 – 6 times 

faster than that of the pristine Mg surface at -1.9 VSCE in pH 11 solution.  The higher activity of 

HER on the hydroxide-covered surface was attributed to the enhanced self-dissociation of the 

water.  On the other hand, Song and Unocic [28] argued that the presence of an oxide/hydroxide 

film which is electronically insulating would slow down the HER kinetics due to increased 

electrical resistivity of the surface films as compared to the bare Mg surface.  In the absence of 

any surface analysis data, it is not possible to discuss how the surface film of the EV31A alloy 

affected the HER kinetics. 
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Fig. 2.4 Cathodic polarization plots of EV31A alloy in different heat-treated conditions in 0.1 M NaOH solution with different 
chloride (NaCl) additions: (a) no chloride addition, (b) 80 ppm chloride, (c) 100 ppm chloride, (d) 200 ppm chloride. 
 
Table 2.3 Summary of the cathodic polarization results of EV31A alloy in different heat-treated conditions in 0.1 M NaOH 
with addition of different chloride concentrations. 

Sample Cl- concentration Tafel slope 
(V/dec) 

Exchange current density 
for hydrogen evolution, i0 
(A/cm2) 

Over potential for 
1 mA/cm2 
(V) 

AR No Cl- -0.14 1.3×10-11 -1.11 

  80 ppm -0.21 4.0×10-9 -1.11 

  100 ppm -0.18 1.8×10-9 -1.07 

  200 ppm -0.18 9.0×10-10 -1.08 

ST No Cl- -0.16 2.9×10-10 -1.03 

 80 ppm -0.18 2.4×10-9 -1.03 

  100 ppm -0.14 1.3×10-10 -1.04 

  200 ppm -0.18 7.0×10-10 -1.03 

Peak-aged No Cl- -0.19 4.0×10-9 -1.25 

  80 ppm -0.18 3.8×10-10 -1.05 

  100 ppm -0.16 1.5×10-10 -1.07 

  200 ppm -0.13 1.2×10-11 -1.05 

Overaged No Cl- -0.17 5.5×10-10 -1.04 

  80 ppm -0.18 7.7×10-10 -1.07 

  100 ppm -0.14 1.0×10-10 -1.04 

  200 ppm -0.14 9.5×10-12 -1.05 
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2.3.3 Potentiostatic Passivation 

 Figure 2.5(a) – (e) shows the I-t plots in log-log scale of the specimens in different 

chloride-containing solutions under potentiostatic conditions.  The applied potential is in the 

middle of the passivation range of individual specimens based on their polarization curves 

shown in Fig. 2.3.  Typically, this potential is around 0.5 VAg/AgCl.  The anodic current density 

decayed almost linearly in the log-log scale.  The passive current decay could be represented 

using the equation: 

I = I0t-a , 

where I is passivation current at time t, I0 is initial current density of the fresh specimen surface 

in the test environment, a is passivation kinetic exponent [45].  The value of a gives an idea 

about how quickly the surface can be passivated in a given environment.  Higher the value of 

the a, faster is the passivation kinetics and better the microstructural condition.  Negative values 

of a indicate that the current increases with time and there is passivity breakdown.  Using this 

approach, different heat treatment conditions of the EV31A can be evaluated in 0.1 M NaOH 

solution with different chloride concentrations.  The passivation kinetic exponent values are 

summarized in Table 2.4. 
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Fig. 2.5 I-t plots of EV31A specimens with different heat treatment conditions under potentiostatic control in 0.1 M NaOH 
solution with different chloride additions: (a) no chloride, (b) 80 ppm Cl-, (c) 100 ppm Cl-, (d) 200 ppm Cl-, (e) 500 ppm Cl-.  
The applied potential (typically 0.5 VAg/AgCl) was in the middle of the passivation range of the corresponding heat-treated 
condition as shown in Fig. 2.3. 
 
Table 2.4 Passivation kinetic exponent and charge carrier density of EV31A specimens in different heat-treated conditions in 
different concentrations of chloride. 

Sample Cl- concentration Passivation kinetic 
exponent, α 

Charge carrier density, ND 
(1/cm3) 

AR No Cl- 0.684 2.08×1021 

  80 ppm 0.687 2.46×1021 

  500 ppm 0.55 5.42×1021 

ST No Cl- 0.46 1.29×1021 

  80 ppm 0.68 3.54×1021 

  500 ppm 0.57 N/A 

Peak-aged No Cl- 0.48 3.50×1021 

  80 ppm 0.72 2.30×1021 

  500 ppm 0.47 N/A 

Overaged No Cl- 0.42 1.87×1021 

  80 ppm 0.59 2.50×1021 

  500 ppm 0.55 5.49×1021 
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 In the absence of chloride, from Fig. 2.5(a) it can be seen that the AR specimen showed 

the fastest passivation kinetics during the first 100 s of passivation.  This fast kinetics could be 

attributed to the textured microstructure, finer grain size and possibly high dislocation density 

of the AR specimen that promote fast diffusion of reactive elements through the short circuits 

of grain boundaries and dislocation channels.  After reaching the lowest current density of about 

2 µA/cm2, the current starts to increase which could be due to dissolution of secondary phases 

or regions adjacent to the secondary phases. 

 The ST, PA and OA specimens exhibited more or less a similar passivation kinetics 

behavior in 0.1 M NaOH.  Interestingly, the peak-aged specimen showed an increase in the 

current after 300 s of passivation and decay in current density after 1000 s.  With the addition 

of chloride, it can be observed that the peak-aged specimen showed faster repassivation kinetics 

than any other heat-treated specimens, and the overaged specimen exhibited slower passivation 

kinetics. 

 Figure 2.6(a) – (d) illustrates the location of pit initiation in the specimens exposed to 

500 ppm Cl- + 0.1 M NaOH under potentiostatic control at 1.1 VAg/AgCl.  The pit initiation 

predominantly occurred within the secondary phase particles in all the heat treatment 

conditions, as shown in Fig. 2.6(a) – (d).  Particles with spherical morphology were more 

susceptible to localized dissolution than other morphologies.  Dissolution is observed to start at 
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Fig. 2.6 Optical microstructures of the specimens under potentiostatic condition (1.1 VAg/AgCl) until pit initiation in 500 ppm 
Cl- + 0.1 M NaOH: (a) as-received, (b) solution heat-treated, (c) peak-aged (200 °C, 16 h), (d) overaged (200 °C, 100 h). 
 

     

     
Fig. 2.7 SEM images of the solution heat-treated specimen before and after 1 h potentiostatic passivation at 0.5 VAg/AgCl in       
0.1 M NaOH solution: (a) before the test, (b) after the test, (c) EDX spectrum of elemental analysis of the circled particle in 
(a), (d) EDX spectrum of the circled particle shown in (b).  Noted that the specimen in Fig. 2.7(a) was ground with SiC paper 
up to 600 grit, and specimen in Fig. 2.7(b) was ground up to 1-µm diamond suspension.  The images do not show the exact 
same area. 
 

the center of the spherical particle.  The overaged specimen showed pit initiation at the interface 

between the secondary phase and the solid solution matrix as shown in Fig. 2.6(d).  In this case, 

the particle had an irregular shape.  In all the specimens, the spherical particles were observed 

to be enriched in Zr and Fe based on the scanning electron microscopy/energy-dispersive X-ray 
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(SEM/EDX) analyses.  The selective attack could be attributed to dissolution of Zr in strong 

alkaline solutions.  The particles that were not attacked represented a composition of Mg3RE.  

The irregular-shaped particles in the OA specimen that exhibited attack at the interface are 

enriched in Nd and Zn.  Figure 2.7(a) – (b) shows typical SEM images of the surface before 

and after corrosion testing.  The typical energy-dispersive X-ray analyses of the secondary 

phase particles are shown in Fig. 2.7(c), (d).  The particle circled in Fig. 2.7(a) could be 

identified as Mg3RE phase, and the elongated particle circled in Fig. 2.7(b) could possibly be 

labeled as a mixture of Mg7Zn3 and Mg5Nd. 

The results of AC impedance spectroscopy are illustrated in Fig. 2.8(a) – (d) as Nyquist 

plots.  The EIS measurements were carried out after passivating the specimens by applying a 

constant potential that was in the middle of the passivation range of the anodic polarization 

curve.  The specimens were passivated for 1 h before running the EIS, and thus, the specimens 

might have only reached their quasi-steady states.  Since the EIS data do not represent the 

steady-state conditions, the following analyses of the different heat treatment conditions are 

simply for comparative purpose. 
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Fig. 2.8 Nyquist plots of EV31A specimens passivated at mid-potential of their passivation ranges for 1 h in 0.1 M NaOH 
solution with different chloride additions: (a) no chloride, (b) 80 ppm Cl-, (c) 100 ppm Cl-, (d) 200 ppm Cl-, (e) electrical 
equivalent circuit fitted the data of Nyquist plots with c2 < 10-4. 
 

In the 0.1 M NaOH without chloride addition, the overaged specimens showed the 

lowest magnitude of impedance spectrum among the investigated conditions, and the ST 

specimen showed the highest impedance spectrum.  This trend more or less reversed with the 

addition of 80 ppm chloride.  The impedance results could be correlated with the recorded 

passivation current densities of the respective specimens but not with the pitting protection 

potentials.  The peak-aged specimens showed higher impedance spectra in 80, 100 and 200 ppm 

Cl--containing solutions than the other heat-treated specimens. 

The impedance data were initially fitted with different combinations of equivalent 

circuit elements to select a right model that gave the best fit with a low Chi-square value.  Pinto 

et al. [32] fitted the EIS data of Mg-Zr alloys in pH 13 using Voigt circuit that contained 2-

parallel RC loops connected in series with another resistor.  When the same alloys were 

passivated in borated buffer solution, Pinto et al. [33] used 3-RC loops connected in series with 

one RC loop containing an inductor to account for the relaxation phenomena on the electrode 
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surface.  Such relaxation occurred at low frequencies and was related to the adsorbed Mg+ 

reacting to Mg2+ or MgOH+ species as proposed by Baril et al. [46] and Anik and Celikten [47].  

The presence of Mg+ ions has been disputed by other researchers [48], and Song et al. [49] 

attributed the inductive loop to the corrosion attack of the substrate.  It should be noted that no 

inductive loops were recorded on any of the specimens in 0.1 M NaOH with or without chloride 

additions in this investigation. 

Among different electrical equivalent circuits tried, the one illustrated in Fig. 2.8(e) 

fitted the data with c2 < 10-4.  This equivalent circuit is more or less similar to the one proposed 

by Song [50] for concrete structures.  In this equivalent circuit, Rs represents the electrolyte 

resistance, R1 is associated with the charge transfer resistance, Q1 (a constant phase element) is 

related to the electrode/electrolyte interfacial capacitance, R2 is the resistance introduced by RE 

oxide/hydroxide incorporated in the MgO/Mg(OH)2 surface layer, and Q2 is the capacitance 

due to the surface layer space charge.  The Q1 and Q2 are leaky capacitors with distributed time 

constants due to surface heterogeneity. 

Table 2.5 summarizes the equivalent circuit values of the specimens in different chloride 

concentrations.  The solution resistance values do not change significantly with the heat 

treatment condition and chloride addition.  The values of Q1 also are more or less similar among 

the test conditions.  Significant variations are the Q2 values that represented the passive layer 

conditions.  A higher value of Q2 indicates a more defective film that is less protective.  The 

admittance values increase in general with increasing chloride concentration.  The R1 values 

associated with charge transfer resistance are large for the peak-aged and overaged specimens 

as summarized in Table 2.5.  However, the R1 value decreases significantly for the overaged 

specimen in 500 ppm Cl- solution.  Most of the values of R2 do not change considerably with 

heat treatment or chloride additions.  These results indicate that the passivation behavior is 

determined more by the capacitance values than by the resistance values of the passive layer.  

The semiconducting behavior of the passive layer is illustrated by Mott-Schottky plots.  Figure 

2.9 shows the Mott-Schottky plots of the overaged specimen in different chloride 

concentrations.  Other heat-treated specimens also show a similar trend of Mott-Schottky 

behavior.  The positive slopes of the 1/C2 vs potential plots indicate the n-type semiconducting 

nature of the passive layers.  The charge carrier density values are summarized in Table 2.4.  

The  charge  carriers  can  be  ascribed  as ionic point defects such as oxygen vacancies or cation 
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(such as Mg2+, Nd3+, Gd3+, Zn2+) interstitials.  The defect density increases with increasing 

chloride content of the electrolyte for a given heat treatment condition except for the peak-aged 

condition.  The ST and OA specimens show passive layers with lower charge carrier densities 

in 0.1 M NaOH without chloride condition.  The increase in defect density with increasing 

chloride concentration of electrolyte could be correlated with the susceptibility of the OA 

specimen to localized corrosion. 

   

 
Fig. 2.9 Mott-Schottky plots of overaged (200 °C for 100 h) specimen in solution with different chloride concentrations. 
 

2.4 Conclusions 

1) Polarization of the specimens to transpassive potentials (> 1.6 VAg/AgCl) introduced defects 

in the passive layers and possibly changed the surface area by dissolution of active elements.  

Therefore, a small hysteresis could be observed even in the absence of chloride during the 

reverse scan of the cyclic polarization. 

2) No passivity breakdown was observed up to 80 ppm chloride addition for specimens with 

any heat treatments. 

3) The pitting protection potentials of the solution heat-treated and peak-aged specimens 

remained high at about 1.1 VAg/AgCl in the basic solution 0.1 M NaOH containing up to 200 ppm 

chloride addition. 

4) Significant reduction in pitting protection potentials was observed with 500 ppm chloride 

addition and a 1000 ppm chloride addition caused complete passivity breakdown for all the 

specimens with different heat treatments. 

5) Overall, the peak-aged (200 °C, 16 h) specimen showed better corrosion resistance than 

specimens with any other heat treatments. 
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Abstract 

 Mg-Y-Nd alloy (WE43C or Elektron 43) is a heat treatable magnesium wrought alloy 

that can be used up to 250 °C for aerospace application.  This alloy has excellent mechanical 

properties (UTS: up to 345 MPa at room temperature) and improved corrosion resistance.  

Electrochemical passivation studies were conducted on this alloy under different heat treatment 

conditions in 0.1 M NaOH solution with the addition of chloride from 0 to 1000 ppm.  The 

passive potential range typically extended to more than 1.5 VAg/AgCl.  The transpassive potential 

was not dependent on the heat treatment condition when the chloride concentration increased 

up to 500 ppm.  However, pitting protection potential varied with the heat treatment condition 

when the chloride addition was 500 ppm or more.  The specimen surface was analyzed using 

scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and Raman spectroscopy to understand the passivation behavior of this 

alloy.  The passivated surface of the WE43C specimens indicated that the surface layer 

consisted of MgO, Mg(OH)2, and rare earth oxide phases, and the heat treatment conditions did 

not significantly affect the composition of the surface film. 

Keywords: Elektron 43; Magnesium alloy; Corrosion; Passivation; Chloride 
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3.1 Introduction 

 Yttrium containing Mg alloys are used in biomedical and creep resistant applications 

[1, 2].  Yttrium has a similar standard electrochemical potential as that of magnesium, and forms 

intermetallic secondary phases, such as MgY, Mg2Y, and Mg24Y5 with magnesium.  Increase 

in the volume fraction of Mg24Y5 was found to accelerate the corrosion by microgalvanic effect 

[3].  WE43 contains 4 wt% Y and about 3 wt% Nd.  The alloy is typically solution treated at 

525 °C for 8 h and water quenched.   Aging is carried out in the temperature range of 150  –  

280 °C in air [4].  Unlike Mg-Nd alloys (such as EV31A), formation of Guinier-Preston zone 

was not reported for Mg-Y-Nd alloys during early stages of precipitation hardening [5].  The 

precipitation reaction sequence is reported as follows: supersaturated solid solution ® b² 

(Mg3Y0.85Nd0.15) with hexagonal D019 super lattice ® b¢ (Mg12YNd) with body centered 

orthorhombic structure ® b1 (Mg14YNd2) with FCC structure (a = 0.74 nm) ® b (Mg14YNd2) 

with FCC structure (a = 2.223 nm) [6].  Two different chemistries of b1 phase have been 

reported such as Mg14Nd2Y [6] and Mg3RE [7].  Low temperature aging treatment at 150 °C 

promoted the formation of coherent b² precipitates that resulted in a peak hardness of 85 VHN 

after 500 minutes of aging.  Increasing the aging temperature to 210 °C led to formation of 

predominantly b¢ phase and a maximum hardness of about 100 VHN after 1000 minutes of 

aging [4].  Conventional T6 aging treatment at 250 °C gave rise to precipitation of b¢, b1, and 

traces of b phases.  This temperature is above the solvus temperature of b² phase.  Further 

increase in the aging temperature to 280 °C caused formation of the equilibrium b phase and 

overaging [4, 7, 8]. 

 Chang et al. studied the electrochemical behavior of NZ30K alloy containing 3 wt% Nd 

and 0.4 wt% Zr in 5% NaCl solution at different heat treated conditions and observed better 

corrosion resistance in solution treated condition due to dissolution of cathodic secondary 

phases in the solid solution [9].  Atrens and coworkers [2] investigated binary Mg-Y alloys with 

Y contents ranging from 2 to 7 wt% in 0.1 M NaCl and 0.1 M Na2SO4 solutions.  In chloride 

containing solution, presence of Y-rich secondary phases detrimentally affected the corrosion 

resistance.  On the other hand, in Na2SO4 solution, the corrosion resistance increased because 

of the incorporation of Y in the surface layer that improved the protectiveness.  The 

microgalvanic effect induced by the Y-rich surface film in the mild Na2SO4 electrolyte.  Birbilis 
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and coworkers also investigated the corrosion behavior of Mg-Y binary alloys with up to 18 

wt% Y addition in 0.1 M NaCl solution [3].  The corrosion rate was observed to increase with 

increase in the Y content.  The increased corrosion was attributed to the enhanced cathodic 

activity of the Y-rich phases such as Mg24Y5, Mg2Y, and MgY.  Incorporation of Y in the oxide 

layer was not considered to be beneficial at pH lower than 10 due to the solubility of the Y-

oxide at low pH conditions. 

 Atrens and coworkers [10] investigated high purity Mg-RE binary cast alloys in solution 

treated conditions by removing Fe-impurity by Zr addition.  The Fe content of Mg-5Y alloy 

specimens was in the range of 48 – 59 ppm and Zr was in the range of 141 – 149 ppm.  The 

solution treated Mg-5Y alloy specimens showed cathodic and anodic Tafel slope of – 268 and 

90 mV/decade, respectively.  The corrosion current density was about 20 times as that of high 

purity magnesium samples.  The high corrosion rate of Mg-RE alloys was attributed to the 

galvanic effect due to the presence of intermetallic particles in spite of the solution treatment.  

Zhang et al. [11] studied the corrosion behavior of extruded Mg-Y alloys in NaCl solution.  

They observed that increase in the Y content of the specimens from 5.23 wt% to 13.78 wt% 

decreased the grain size but the corrosion rate increased even though the corrosion potential 

become nobler with the addition of Y. 

 WE43 alloy has been investigated widely as a potential bioimplant material by several 

investigators [12 – 15].  Ascencio et al. [12] characterized the corrosion behavior of WE43 in 

modified simulated body fluid using electrochemical impedance spectroscopy and proposed a 

dual layer surface film for the observed corrosion protection during the initial immersion period 

up to 96 h.  Jamesh et al. compared the corrosion behavior of WE43 and ZK60 alloys in Ringer’s 

solution and simulated body fluid.  These authors observed that WE43 showed better corrosion 

resistance than ZK60 due to smaller potential difference between the matrix and intermetallic 

phases of the WE43 alloy [13].  The corrosion resistance of WE43 for biomedical applications 

was reportedly improved by Nd-ion implantation on the surface [14] and Hf-ion implantation 

[15].  Formation of hydrophobic surface layer predominantly consisting of Nd2O3-MgO was 

attributed to the improved corrosion resistance of the Nd-implanted material. 

 Taylor and coworkers [16] reported fresh surface film formed on molten Mg-Nd alloy 

in different atmospheres.  They found that the oxidation rate of Mg-Nd alloys at high 

temperature in dry air atmosphere decreased because of the duplex structure of MgO and Nd2O3 
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film formed during solidification of the casting.  Marcus and coworkers [17] reported the 

corrosion behavior of WE43 alloy in Na2SO4 electrolyte.  The corrosion current density of 

WE43 was observed to be about 11 times smaller than that of pure Mg (581 µA/cm2 vs 6442 

µA/cm2).  The improved corrosion film that consisted of a Mg(OH)2 outer layer and a mixed 

oxide inner layer enriched with the oxides/hydroxides of the alloying elements such as Y, Nd, 

and Zr. 

 Zhang and coworkers [18] reported the surface chemistry on AZ31 and AZ91 by using 

the X-ray photoelectron spectroscopy (XPS).  The results showed that the outer layer was 

composed of Mg(OH)2 and MgCO3, and the inner layer was composed of Mg(OH)2, MgO, and 

MgCO3.  These layers formed both in corrosion zone and passivation zone.  However, Mg(OH)2 

predominated in corrosion zone and caused corrosion on metallic surface, whereas MgO was 

dominant in the passivation zone that improved the corrosion resistance.  When Mg alloys were 

stored in humid air a naturally formed surface layer containing MgCO3, Mg(OH)2, and MgO 

was reported [19]. 

 The literature search indicated that most of the corrosion studies of Mg-RE alloys have 

been carried out in chloride containing solutions that are mimicking either marine or biological 

environment.  Furthermore, most of the investigations pertained to cast Mg-RE alloys and not 

much has been reported on the wrought Mg-RE alloys.  This present work focuses on the 

passivation behavior of the wrought WE43 alloy in dilute alkaline solution containing different 

chloride concentrations.  Such an alkaline pH condition may not represent a real life service 

condition, but this study will be of fundamental in nature and might help understand the 

passivation behavior of the WE43 alloy and its breakdown in the presence of chloride. 

 

3.2 Experimental Methods 

3.2.1 Material and Characterization 

 Mg-Y-Nd alloy (Elektron 43 or WE43C) plate having a thickness of 16 mm was 

supplied by Magnesium Elektron N.A. Inc.  The nominal composition of the alloy based on the 

energy dispersive X-ray analysis was: 3.6 wt% Y, 2.6 wt% Nd, 0.93 wt% Gd, 0.6 wt% Zr, 0.2 

wt% Si and balance Mg.  The plate was sliced into 3 mm thick and 16 ´ 25 mm2 size coupons.  

The samples were investigated for their passivation behavior in four different heat treatment 

conditions such as 1) as-received (AR), 2) solution treated (ST), 3) solution-treated and peak 
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aged (PA), and 4) solution treated and overaged (OA).  The as-received (AR) samples were not 

given any additional heat treatment.  The solution treated specimens were solution annealed at 

525 °C for 8 h and quenched in room temperature water.  The peak aged (PA) samples 

underwent solution treatment followed by aging at 200 °C for 168 h.  Overaging treatment was 

carried out by aging the solution treated samples at 300 °C for 2 h.  The specimens for the 

electrochemical testing were metallographically polished with SiC paper down to 600 grit, 

rinsed with ethanol, and dried in air for doing the corrosion tests.  The specimens for the 

hardness test and microstructure evaluations were ground with SiC paper down to 1200 grit and 

polished with 1-µm diamond suspension, rinsed with ethanol, and dried in air.  The etchant was 

a mixture of 10 ml of HNO3, 24 ml of DI water, and 75 ml of ethylene glycol.  Microstructural 

evaluations were carried out using a metallographic microscope (OLYMPUS PMG3) and an 

electron microscope (FESEM: LEO SUPRA 35VP).  Microhardness measurements were 

carried out using LECO LM100 with a load of 10 grams.  The reported values are average of 

minimum ten readings in each specimen. 

 

3.2.2 Electrochemical Environments 

 The test solutions for the electrochemical experiments were 0.1 M NaOH solution (pH: 

~13) and 0.1 M NaOH with the addition of chloride in the concentrations of 80 ppm (2.25 ´  

10-3 mol/l), 100 ppm (2.82 ´ 10-3 mol/l), 200 ppm (5.64 ´ 10-3 mol/l), 500 ppm (14.1 ´ 10-3 

mol/l) and 1000 ppm (28.2 ´ 10-3 mol/l).  The chloride was in the form of NaCl.  High purity 

water (resistivity 18.2 ´ 106 W×cm) was used for preparing the test solutions using a water 

purifier (MilliPore Medel: Milli-QPF Plus).  All chemicals were regent grade. 

 

3.2.3 Electrochemical Tests 

 The electrochemical tests were conducted by using a 3-electrode configuration.  A 

platinum spiral wire was the counter electrode, AgCl coated Ag wire (1 mm diameter) immersed 

in saturated KCl was the reference electrode, and the sample was the working electrode.  The 

potential employed was VersaSTAT MC with VersaStudio software version 2.42.3, and 

ZSimpWin 3.60 software from Princeton Applied Research.  The exposed surface area of the 

samples to the solution was 1 cm2.  The cyclic polarization was carried out by scanning the 

potential from 0 V vs open circuit potential (OCP) to 2.5 V vs reference (Ag/AgCl) at a scan 
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rate of 1 mV/s.  After reaching either a potential of 2.5 VAg/AgCl or 1 mA/cm2 of transpassive 

current density (whichever occurred earlier), the scan direction was reversed and scanned back 

to OCP.  The potentiostatic tests were conducted at the middle potential of the passivation range 

(typically at 0.5 VAg/AgCl) for 3600 s.  Electrochemical impedance spectroscopy (EIS) was 

measured under potentiostatic condition by applying the passivating potential and 

superimposing an AC signal of 10 mV, and scanning from the frequency of 100 kHz to 10 mHz.  

Mott-Schottky was measured at 316 Hz of frequency by scanning the potential from the middle 

of the passivation range to OCP at 50 mV steps. 

 

3.2.4 Characterization of Passivated Surface 

 After potentiostatic passivation tests, the surfaces of select samples were analyzed using 

gracing angle XRD, XPS, and Raman spectroscopy.  Gracing angle X-ray diffraction patterns 

were obtained using a Rigaku Smartlab 3 kW with Cu Ka X-ray tube operated to 40 kV and 44 

mA, where the incident angle of the X-rays was 0.5° with respect to the sample surface.  X-ray 

photoelectron spectroscopy (XPS) analysis was conducted using a PHI 5600 calibrated to the 

Ag 3d5/2 line at 368.3 ± 0.05 eV.  Spectra were obtained with monochromatic Al Ka radiation 

source as well as a Mg Ka radiation source, both at an accelerating voltage of 14 kV and 300 

W over an analysis area of 0.5 mm2, and an angle of 60° to the detector.  A Thermo-Scientific 

DXR dispersive Raman microscope was used to characterize the Raman vibrational modes of 

the surface films.  Raman spectra were obtained for individual spots with a diameter of 0.7 µm 

with 4 exposures of 8 seconds at 100X magnification using a 532 nm laser operated at 10 mW. 

 

3.3 Results and Discussion 

3.3.1 Microstructural Characterization 

 The as-received material Mg-4Y-2.25Nd-0.5Zr WE43C was in the precipitation heat 

treated (T5) condition.  The microstructure of the as-received (AR) material is shown in Fig. 

3.1(a).  The texture developed during the rolling process could be seen.  The grain size is finer 

in the AR condition.  The XRD pattern of the as-received specimen is given in Fig. 3.2(a).  

Minor peaks corresponding to secondary phases of Mg12Nd, Mg24Y5, Mg41Nd5, and Mg3Gd 

could be observed.  The Vickers hardness of the as-received specimen was about 96 kgf/mm2.  

Figure 3.3(a) shows the SEM image of the microstructure of the AR specimen after etching 
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with dilute nitric acid in ethylene glycol-water mixture.  The grain boundaries were etched 

deeply.  The grain boundaries were decorated with precipitation of secondary phase particles 

having irregular and cubic shapes.  EDAX analysis identified the large cubic precipitates as 

Mg2Y as shown in Fig. 3.3(b).  Since etching caused removal of the precipitates, SEM images 

were taken on the as-polished surface without etching.  A typical result is shown in Fig. 3.3(c).  

The EDAX analyses of the secondary phase particles indicated presence of different phases 

such as Mg12RE (where RE denotes Y, Nd, and Gd), Zr-rich phase, and Zr and Y rich phase. 

 When the alloy was solution treated, the hardness decreased to 70 kgf/mm2, as seen in 

Fig. 3.2(b).  Most of the minor peaks corresponding to secondary phases were not revealed in 

the XRD pattern of the solution treated (ST) specimen as seen in Fig. 3.2(a).  However, a peak 

corresponding to Mg12Nd was still present.  Significant grain growth after solution treatment 

could be observed as shown in Fig. 3.1(b).  The grain size of the ST specimen was in the range 

of 25 – 46 µm.  Figure 3.4(a) illustrates the SEM microstructure of the solution treated 

condition, where undissolved secondary phases are visible along the grain boundaries and inside 

the grains as well.  The line scan of the EDAX indicated the large particle to have a chemistry 

matching Mg3RE, as seen in Fig. 3.4(b).  The smaller precipitates could be associated with the 

chemistry of Mg12RE phase which supported the XRD result. 

 Figure 3.1(c) shows the microstructure of the peak aged (PA) specimen at 200 °C for 

168 h.  The average hardness was 103 kgf/mm2.  The XRD pattern showed presence of 

Mg41Nd5, Mg3Gd, Mg24Y5, and Mg12Nd phases along with a-Mg, as seen in Fig. 3.2(a).  These 

results could be corroborated with the SEM microstructures and the EDAX analyses of the 

precipitates as shown in Fig. 3.5(a) and (b).  Cuboid shaped precipitates identified from the 

elemental analysis as Mg2Y phase were not revealed in the XRD pattern probably due their low 

volume fraction.  It should be noted that the hardness value of this peak aging treatment was 

higher than that normally reported for the conventional T6 treatment (250 °C for 16 h aging 

that results in ~85 kgf/mm2).  The high hardness value could be attributed to the possible 

presence of coherent b² precipitates of Mg3Y0.85Nd0.15 or Mg3RE type that were not revealed in 

the XRD [4].  SEM could not resolve the b² phase due its nanostructure and dimension of less 

than 10 nm.  The XRD peak corresponding to Mg3Gd could indicate presence of b1 phase that 

has FCC structure. 
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Fig. 3.1 Optical microstructures of WE43C in different heat treated conditions (3-D faces and rolling direction: Top: 
Longitudinal, Front: Short transverse, Side: Long transverse): (a) as-received, (b) solution treated, (c) peak aged (200 °C, 168 
h), (d) overaged (300 °C, 2 h). 
 

Aging the WE43C at 300 °C for 2 h after solution treatment showed marginal increase 

in the hardness value from 70 to 73 kgf/mm2, as seen in Fig. 3.2(b).  The XRD pattern of this 

aging condition was not very different from that of peak-aged condition.  However, the sample 

was etched darker than other samples such as ST and PA as seen in Fig. 3.1(d).  Based on the 

hardness and etching conditions, aging at 300 °C for 2 h was considered as overaged (OA) 

condition.  Furthermore, the aging temperature was higher than the solvus temperature of the 

coherent b² phase and therefore in the absence of b² not much precipitation hardening could 

occur.  The phases expected in this heat-treated condition are (in the decreasing order): b 

(Mg14Nd2Y, FCC), b1 (Mg14Nd2Y, Mg3RE, FCC), b¢ (Mg12RE, BCO), and Mg41Nd5.  Another 

intermetallic phase, Mg24Y5 normally reported in the Mg-Y alloys, has also been identified in 

this study.  Figure 3.6(a) and (b) shows the SEM microstructure and EDAX line scan analysis 

of the overaged material in etched condition.  The etching removed the b-phase particles that 

showed plate-like morphology.  The grain boundary precipitates contained Zr-rich particles.  
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The plate morphology of the b-phase with a chemistry of Mg41RE3 could be seen in the unetched 

condition as shown in Fig. 3.6(c). 

 

     
Fig. 3.2 (a) XRD pattern of WE43C in different heat treatment conditions, (b) Vickers hardness of WE43C in different heat 
treatment conditions.  AR: as-received, ST: solution treated, 200/168: peak aged (PA), 300/2: overaged (OA). 
 

     

 
Fig. 3.3 SEM images of the microstructure and energy dispersive X-ray analyses (EDAX) of secondary phase particles by line-
scan: (a) as-received (AR) sample microstructure after etching, (b) elemental concentration profile along the line shown in (a), 
(c) microstructure of AR specimen without etching. 
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Fig. 3.4 SEM images of the microstructure and energy dispersive X-ray analyses (EDAX) of secondary phase particles by line-
scan: (a) solution treated (ST) sample microstructure, (b) elemental concentration profile along the line shown in (a). 
 

     
Fig. 3.5 SEM images of the microstructure and energy dispersive X-ray analyses (EDAX) of secondary phase particles by line-
scan: (a) peak aged (PA) sample microstructure, (b) elemental concentration profile along the line shown in (a). 
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Fig. 3.6 SEM images of the microstructure and energy dispersive X-ray analyses (EDAX) of secondary phase particles by line-
scan: (a) overaged (OA) sample microstructure after etching, (b) elemental concentration profile along the line shown in (a),  
(c) microstructure of OA specimen without etching. 
 

3.3.2 Cyclic Polarization 

3.3.2.1 Anodic Polarization 

 Figure 3.7(a) shows the anodic cyclic polarization plots of the WE43C specimens in 

four different heat treated conditions in 0.1 M NaOH electrolyte.  All the samples showed 

passivity between OCP and about 1.5 VAg/AgCl in the 0.1 M NaOH solution.  The result of the 

polarization is summarized in Table 3.1.  The overaged specimen showed relatively nobler OCP 

value and lower passive current density than other heat treated conditions.  A transpassive 

behavior was observed in all the heat treated conditions when the potential increased beyond 

1.5 VAg/AgCl.  The increase in the current density above the transpassive potential could be 

attributed to two reactions such as i) breakdown of the corrosion product layer, and ii) oxygen 

evolution due to the reaction: 

4OH- ® 2H2O + O2 + 4e-  (1) 

 It was observed that the transpassive potential was not a function of heat treatment 

condition in the 0.1 M NaOH electrolyte.  Passivation behavior of magnesium alloys in alkaline 

environments has been well documented by several investigators [20 – 22].  The passivation 

behavior of AZ31 alloy in NaOH electrolyte was attributed to the formation of crystalline MgO 

inner layer and hydrated Mg(OH)2 type outer layer [23]. 

 Periodic fluctuations in the OCP of AZ31 alloy have been reported in the alkaline 

solutions which was attributed to the breakdown of the protective layer due to stresses induced 

by hydration of MgO layer followed by repair of the layer.  In this investigation, such periodic 

fluctuations of the OCP of WE43C alloy were not reproducibly observed.  Figure 3.7(b) shows 



 48 

Table 3.1 Cyclic polarization results of WE43C specimens in different heat treated conditions in 0.1 M NaOH. 
Concentration 
of Cl- in 0.1 M 
NaOH 

Sample OCP 
V vs Ag/AgCl 

ETranspassive 
V vs Ag/AgCl 

ECross over 
V vs Ag/AgCl 

Passive current density 
µA/cm2 

No Cl- AR -1.56 1.57 1.46 7.86 

 ST -1.57 1.60 1.45 6.81 

 Peak aged -1.56 1.61 1.51 10.50 

 Overaged -1.45 1.60 1.52 6.56 

80 ppm AR -1.54 1.59 1.33 2.67 

 ST -1.56 1.61 1.28 1.78 

 Peak aged -1.52 1.59 1.35 3.97 

 Overaged -1.56 1.57 1.30 2.39 

200 ppm AR -1.46 1.63 1.32 2.45 

 ST -1.41 1.71 1.58 3.24 

 Peak aged -1.39 1.67 1.52 2.86 

 Overaged -1.42 1.71 1.62 4.11 

500 ppm AR -1.56 1.52 -1.32 2.11 

 ST -1.49 1.60 1.43 3.49 

 Peak aged -1.55 1.60 1.28 2.19 

 Overaged -1.47 1.59 0.11 5.40 

1000 ppm AR -1.40 -0.25 - 3.52 

 ST -1.35 0.07 - 2.90 

 Peak aged -1.23 0.11 - 2.69 

 Overaged -1.37 0.08 - 3.40 

 

a typical OCP vs time plot of the overaged specimen in 0.1 M NaOH + 80 ppm Cl-.  The OCP 

values fluctuated initially (first one hour of exposure to the electrolyte) and stabilized thereafter.  

The OCP values continued to increase to more positive values and almost reached a plateau 

value of about -0.5 VAg/AgCl.  The nobler OCP value could be associated with thickening of the 

surface layer.  The absence of fluctuations in the OCP profile indicated presence of a more 

protective layer that could withstand the oxide or hydroxide growth stresses in WE43C.  

Incorporation of oxides/hydroxides of the rare-earth elements in the MgO layer possibly 

rendered the surface layer more ductile or healed the cracked surface film faster so that the 

fluctuations were not noticed.  However, this is a speculation only based on the results given in 

Ref. [17] since there is no direct analytical result based on the current work available to support 

this hypothesis. 
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 When the potential scan was reversed after a pre-determined transpassive current 

density (typically 1 mA/cm2), a hysteresis was observed in all the heat treated conditions even 

without addition of chloride in the 0.1 M NaOH electrolyte.  Such hysteresis could be attributed 

to the breakdown of the protective layer.  No pitting type corrosion is anticipated in the absence 

of chloride.  Dissolution of intermetallic precipitates at the transpassive potentials could have 

caused the hysteresis.  The cross over potential of the reverse scan plot is normally referred to 

as the pitting protection potential (Epp) and the more positive the Epp value, the better the 

resistance to localized corrosion.  It was observed that the Epp values were similar for all the 

heat treated conditions. 

 Figure 3.7(c) shows the cyclic polarization results in 0.1 M NaOH with the addition of 

80 ppm Cl-.  The OCP values were similar for all the specimens.  The transpassive potentials 

were not affected by the heat treatment conditions.  The peak aged specimen showed the highest 

passive current density with the addition of 80 ppm Cl-.  The trend is similar to that observed 

in 0.1 M NaOH without chloride addition.  The solution treated specimen showed the lowest 

passive current density.  The results are summarized in Table 3.1. 

 Figure 3.7(d) shows the anodic portion of the cyclic polarization in 0.1 M NaOH with 

the addition of 200 ppm Cl-.  Table 3.1 summarizes the polarization results.  Comparison of the 

polarization plots with and without addition of chloride to 0.1 M NaOH indicated that either the 

transpassive potential or the Epp (cross over potential) did not change significantly.  The as-

received specimen showed the lowest transpassive and cross over potentials.  It was interesting 

to note that the passive current decreased from about 7 µA/cm2 to about 3 µA/cm2 upon the 

addition of up to 200 ppm Cl- to 0.1 M NaOH.  Overall, the passivation behavior of the WE43C 

alloy specimens was not affected by the addition of up to 200 ppm Cl- in the 0.1 M NaOH 

electrolyte. 

 Figure 3.7(e) shows the polarization behavior in the 0.1 M NaOH electrolyte with the 

addition of 500 ppm Cl-.  The results are summarized in Table 3.1.  The parameters such as 

OCP, transpassive potential and the passivation current density were found not to be affected 

by the chloride concentration of 500 ppm for any heat treatment conditions.  The overaged 

specimen showed marginally higher passivation current density than the other specimens.  

However, the pitting protection potentials were different for the different heat treated conditions 

as seen in Table 3.1.  Both the solution-treated specimen and peak-aged specimen showed much 
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higher pitting protection potentials of 1.43 and 1.28 VAg/AgCl, respectively.  The solution treated 

specimen did not lose its protectiveness to localized corrosion in 500 ppm Cl- as compared to 

its behavior in 0.1 M NaOH without any chloride addition.  The Epp value of the peak aged 

specimen decreased by about 23 mV as compared to that observed in 0.1 M NaOH without Cl- 

addition.  On the other hand, the as-received and overaged specimens showed considerably 

lower pitting protection potentials of -1.32 and 0.11 VAg/AgCl in 500 ppm Cl- containing 0.1 M 

NaOH electrolyte. 

 Figure 3.7(f) shows cyclic polarization of WE43C in 0.1 M NaOH with the addition of 

1000 ppm Cl-.  The values are shown in Table 3.1.  The OCP of all samples moved up to positive 

direction compared to those in 500 ppm Cl-.  However, the transpassive potential decreased 

considerably as compared to the values observed in 500 ppm Cl- solution.  The transpassivity 

occurred closer to 0 VAg/AgCl.  Moreover, there were no measurable pitting protection potentials 

in all heat treatment conditions, as the reverse scan cross over potential was more cathodic than 

the OCP.  These results imply that the passive film of WE43C cannot repassivate in 1000 ppm 

Cl- when the pits initiate. 

 

  

(b) 
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Fig. 3.7 Cyclic polarization results of WE43C in different heat treated conditions in 0.1 M NaOH with additional chloride 
concentrations: (a) no Cl-, (b) OCP of overaged specimen in 80 ppm Cl-, (c) 80 ppm Cl-, (d) 200 ppm Cl-, (e) 500 ppm Cl-,     
(f) 1000 ppm Cl-. 
 

3.3.2.2 Cathodic Polarization 

 Figure 3.8(a) – (d) shows the cathodic polarization of the WE43C specimens in 0.1 M 

NaOH electrolyte with 0 – 200 ppm Cl- additions.  The results are summarized in Table 3.2 in 

terms of Tafel slope (b), exchange current density for hydrogen evolution reaction (i0), and 

overpotential (h) at 1 mA/cm2.  A quick examination of the cathodic polarization plots in 

different chloride concentrations indicated that the as-received specimens showed the lowest 

activity and the overaged specimens showed the highest activity for cathodic reactions.  The 

cathodic Tafel slopes were in the range of -0.18 to -0.26 V/decade.  The slopes were relatively 

shallower than reported for WE43 or Mg-Y binary alloys in lower pH electrolytes.  For 
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example, Marcus and coworkers [17] reported a value of 341 mV/decade in 0.1 M Na2SO4 

electrolyte for the WE43 alloy (heat treatment condition was not specified).  Atrens and 

coworkers [2] reported a cathodic Tafel slope in the range of 0.429 – 0.517 V/decade for the 

Mg-Y binary alloys in 0.1 M NaCl.  On the other hand, Chu and Marquis [24] reported a Tafel 

slope of -256 mV for the solution treated WE43 and -232 mV for the T5 aged WE43 alloy in 

Mg(OH)2 saturated 3.5 wt% NaCl solution (pH 10.5).  Therefore, the lower Tafel slope of the 

WE43 specimens could be associated with higher pH electrolytes.  The hydrogen evolution 

reaction (HER) on the WE43C alloy surface could occur in successive steps of adsorption and 

desorption of hydrogen atom given by the Volmer-Heyrovsky-Tafel mechanism [25]: 

M + H2O + e- ® MH + OH-   (Volmer)  (2) 

MH + H2O + e- ® MH + OH- + H2   (Heyrovsky)  (3) 

MH + MH ® 2M + H2    (Tafel)   (4) 

Here M represents the metal adsorption site for hydrogen.  The Tafel slopes of the Volmer, 

Heyrovsky, and Tafel reactions are generally established as 118, 39, and 29.5 mV/decade, 

respectively [26].  The Tafel slope is given as [26] 

  b = (2.303RT)/(anF)   (5) 

where R = universal gas constant, T = temperature, a = transfer co-efficient, n = No. of electrons 

involved in the reaction, and F = Faraday’s constant. 

 The Tafel slope depends on the rate determining step of the HER, the potential 

dependent surface coverage of the adsorbed intermediates, surface roughness, and catalytic 

activity of the surface atoms.  Since the calculated Tafel slopes of this investigation were in the 

range of -0.18 to -0.26 V/decade, the rate determining step of the HER could be the Volmer 

reaction (2) and given as 

  2H2O + 2e- ® H2  + 2OH-  (6) 

 The hydroxyl ions will be adsorbed on the specimen surface leading to formation of 

Mg(OH)2 and RE(OH)3 type layers.  Recently Salleh et al. [27] reported enhanced hydrogen 

evolution on Mg(OH)2 covered Mg surface, and Dai et al. [28] prepared nano Mg(OH)2 

supported on a graphene layer as hydrogen evolution catalyst for microbial electrolysis cell.  

Fajardo and Frankel [29] reported Tafel slopes for cathodic reaction on high purity Mg and ultra 

high purity Mg to be -0.28 and -0.23 V/decade in 0.1 M NaCl (pH ~6.0). 
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Fig. 3.8 Cathodic polarization of WE43C in different heat treatment conditions in 0.1 M NaOH with different chloride 
concentrations: (a) no Cl-, (b) 80 ppm Cl-, (c) 100 ppm Cl-, (d) 200 ppm Cl-. 
 

 The reported exchange current densities (i0) for the HER were 4 ´ 10-8 A/cm2 and 8 ´ 

10-9 A/cm2 for the high purity Mg (Fe: 40 ppm) and ultra high purity Mg (Fe: 0.1 ppm), 

respectively.  The exchange current densities of WE43C alloy specimens also fall within the 

range reported for pure magnesium.  Overall, the as-received specimen showed relatively 

steeper cathodic Tafel slopes and the overaged specimen showed shallower cathodic Tafel 

slopes than other heat-treated conditions.  The as-received specimen had a finer grain size and 

possibly high dislocation density.  If the grain boundaries and dislocations were short circuit 

paths for the diffusion of atoms, the adsorbed hydrogen could easily diffuse through these routes 

inside the material and therefore hydrogen evolution reaction would be slowed down resulting 
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in a steeper Tafel slope.  Such grain boundary diffusion of hydrogen may result in the formation 

of hydride (MgH2) phase.  The binding energy of [H] or hydrogen chemisorption energy (DEH) 

plays an important role in determining the formation of hydride phase vs hydrogen evolution.  

Too negative a DEH will lead to lower i0 due to lack of less number of available sites for [H] + 

[H] recombination and stronger M-H bonds.  Too positive values of DEH also will decrease the 

i0 because [H] becomes unstable on the electrode surface [30].  The M-H bond strength depends 

on the phases present on the specimens.  The overaged specimen had incoherent intermetallic 

precipitates that were reportedly cathodic to the matrix [3].  The lower cathodic Tafel slopes 

could be attributed to the distribution of such cathodic intermetallic phases.  The relatively 

higher exchange current density observed on the overaged specimen could also be attributed to 

the presence of incoherent precipitates that were cathodic in nature. 

 
Table 3.2 Summary of the cathodic polarization results of WE43C specimens in different heat treated conditions in 0.1 M 
NaOH with addition of different chloride concentrations. 

Sample Cl- concentration Tafel slope 

V/dec 

Exchange current density 

for hydrogen evolution, i0 

A/cm2 

Over potential for 

1 mA/cm2 

AR No Cl- -0.22 4.5�10-9 -1.10 

  80 ppm -0.26 3.0�10-8 -1.15 

  100 ppm -0.21 2.0�10-9 -1.15 

  200 ppm -0.23 7.5�10-9 -1.18 

ST No Cl- -0.21 6.0�10-9 -1.15 

  80 ppm -0.19 3.2�10-9 -1.10 

  100 ppm -0.24 1.3�10-8 -1.18 

  200 ppm -0.21 4.0�10-9 -1.15 

Peak aged No Cl- -0.24 2.3�10-8 -1.15 

  80 ppm -0.19 3.2�10-9 -1.20 

  100 ppm -0.19 2.8�10-9 -1.09 

  200 ppm -0.21 5.5�10-9 -1.11 

Overaged No Cl- -0.18 2.0�10-9 -1.05 

  80 ppm -0.19 2.1�10-9 -1.08 

  100 ppm -0.23 2.8�10-8 -1.10 

  200 ppm -0.23 1.8�10-8 -1.10 

 

 



 55 

3.3.3 Potentiostatic Passivation 

 Figure 3.9(a) – (d) shows the I-t (current-time) plots in log-log scale recorded during 

potentiostatic passivation of the specimens in different chloride concentrations (0, 100, 200, 

and 1000 ppm) in 0.1 M NaOH electrolyte.  The applied potential was in the middle of the 

passivation range of the potential window.  The samples in different heat treated conditions 

essentially showed a current decay behavior in the NaOH solution without addition of chloride.  

After initial current decay, an increase in the current density was observed in the solutions 

containing chloride.  The length of current decay behavior was a function of chloride 

concentration.  The current decay was observed, in general, for more than 700 s for 100 ppm 

Cl- which decreased to about 400 s for 200 ppm Cl-, and less than 200 s for 1000 ppm Cl-.  The 

current decay behavior can be expressed using an empirical relation 

I = I0t-a   (7) 

where I = passive current density at time “t”; I0 = initial current density recorded on a “bare” 

alloy surface; t = time; and a = passivation kinetic exponent. 

 The steeper the slope of the log I-log t plot, the faster is the passivation kinetics.  

Therefore, the magnitude of the passivation kinetic exponent, a is an indication of the ability 

of the material to passivate.  The values of a derived from Fig. 3.9(a) – (d) are summarized in 

Table 3.3.  As seen, the as-received (AR) specimens showed larger values of passivation kinetic 

exponent than other heat-treated conditions.  Furthermore, the exponent value decreased as the 

chloride concentration increased in case of the AR specimen.  However, no such trend could be 

observed for other heat treated conditions.  In fact, the exponent value increased with chloride 

concentration for the solution treated specimen until 200 ppm and decreased when the 

concentration was 1000 ppm.  The current decay during initial period followed by increase in 

the current and decay at the end of 1-h passivation could be ascribed as passivation-breakdown-

and-repair behavior of the passive layer.  As observed from the log I-log t plots, the initial 

current decay duration could be considered as the incubation time for passivity breakdown.  

Localized rupture of passive film could increase in the current density.  However, the passive 

film healed quickly and the current density decayed by continuous application of potential. 

 The specimens appeared to start re-passivating when the current density reached a 

“threshold” value in the range of 5 – 15 µA/cm2, depending on the chloride concentration and 

the heat treatment condition.    The increase in the current density in the 0.1 M NaOH solution  
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Fig. 3.9 I-t plots of WE43C in different heat treatment conditions under potentiostatic control in 0.1 M NaOH solution with 
different concentrations of chloride: (a) no Cl-, (b) 100 ppm Cl-, (c) 200 ppm Cl-, (d) 1000 ppm Cl-, (e) solution treated specimen 
in different chloride concentrations.  The applied potential was in the middle range of passivation region from cyclic 
polarization results in Fig. 3.7. 
 

without chloride addition could be associated with the growth stresses of thicker oxide layer 

that caused breakdown possibly due to conversion of MgO and RE2O3 to Mg(OH)2 and 

RE(OH)3, as proposed by Taheri and Kish [23].  In this case, current decay behavior at the end 

was not observed within 1 h of passivation because the “critical” current density for initiating 

the re-passivation was not reached or the test ended before reaching the critical current density.   
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The critical current density for re-passivation was observed to be a function of heat treated 

condition and the chloride concentration as well from Fig. 3.9(a) – (d).  It could be a function 

of applied potential as well, but experiments were not carried out at different potentials to show 

such effect. 

The overaged specimen required higher critical density for re-passivation, in general.  

The AR specimen required lower critical current density in low chloride concentrations.  When 

the chloride concentration was 1000 ppm, the critical current density for inducing re-passivation 

was independent of the heat treatment condition as seen in Fig. 3.9(d), even though the peak 

aged specimen showed the lowest critical current density. 

Figure 3.9(e) shows the I-t plots in log scale of solution treated specimen in different 

chloride concentrations.  From this figure, it could be insisted that the influence of chloride 

affected both incubation time for passivity breakdown and critical current density for re-

passivation.  The lower chloride concentration, the longer was the incubation time and the lower 

was the critical current density for re-passivation. 

 
Table 3.3 Passivation kinetic exponent and charge carrier density of WE43C specimens in 0.1 M NaOH with addition of 
different chloride concentrations. 

Sample Cl- concentration Passivation kinetic 

exponent, α 

Charge carrier density, ND 

(1/cm3) 

AR No Cl- 0.727 2.45�1021 

  80 ppm 0.668 5.96�1021 

  200 ppm 0.647 3.37�1021 

  1000 ppm 0.526 2.91�1021 

ST No Cl- 0.450 2.09�1021 

  80 ppm 0.621 4.67�1021 

  200 ppm 0.704 5.43�1021 

  1000 ppm 0.588 2.78�1021 

Peak aged No Cl- 0.516 3.91�1021 

  80 ppm 0.588 5.09�1021 

  200 ppm 0.426 7.10�1021 

  1000 ppm 0.500 3.16�1021 

Overaged No Cl- 0.678 3.65�1021 

  80 ppm 0.416 6.01�1021 

  200 ppm 0.434 5.33�1021 

  1000 ppm 0.525 2.59�1021 
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3.3.4 Electrochemical Impedance Spectroscopy 

 Figure 3.10(a) – (d) shows the Nyquist plots recorded at the passivation potentials after 

1 h of potentiostatic passivation in different chloride concentrations that was described in the 

previous section.  The impedance behaviors in 0.1 M NaOH indicated that the solution treated 

specimen showed the highest impedance profile and the overaged specimen had the lowest 

impedance profile as seen in Fig. 3.10(a).  In the 100 ppm Cl- containing solution, the solution 

treated specimen showed the lowest impedance profile and other heat treated conditions 

revealed similar impedance behaviors, as seen in Fig. 3.10(b).  The passive film formed on the 

peak aged specimen in 200 ppm Cl- solution showed the lowest impedance profile as seen in 

Fig. 3.10(c). 

 The passive film formed on the AR specimen in 200 ppm Cl- had the highest impedance 

profile among all the heat treated conditions.  Whereas in 1000 ppm Cl-, the trend completely 

reversed as the lowest impedance profile was observed for the AR specimen.  The EIS behavior 

could be modeled using an equivalent electrical circuit.  The EIS data collected after 

potentiostatic passivation of the specimens were fitted with different combinations of electrical 

equivalent circuits that could model the dual layered surface layer of the magnesium alloys 

proposed by other investigators [31, 32].  Based on the goodness of fitting, the best fitting 

equivalent circuit was determined to be the one given in Fig. 3.10(i) that consisted of 2-parallel 

RC loops connected in series.  The resistor Rs represents the solution resistance, R1 and Q1 are 

associated with resistance and capacitance behavior of the inner layer.  Table 3.4 summarizes 

the values of the equivalent circuit elements.  Here Q1 and Q2 are leaky capacitors with 

distributed time constants due to surface heterogeneity.  Figure 3.10(e) – (h) shows some 

examples of the calculated Nyquist plots using the equivalent circuit model values (given in 

Table 3.4) in comparison with the experimentally measured impedance plots. 
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(e) (f) 
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Fig. 3.10 Nyquist plots of WE43C passivated in the middle range of passivation region for 1 h in 0.1 M NaOH solution with 
different concentrations of chloride: (a) no Cl-, (b) 100 ppm Cl-, (c) 200 ppm Cl-, (d) 1000 ppm Cl-.  Comparison of the 
measured Nyquist plots with the calculated ones using the equivalent circuit shown in (i) are shown in (e) – (h): (e) Nyquist 
plot of as-received in 0.1 M NaOH, (f) Nyquist plot of solution treated in 100 ppm Cl-, (g) Nyquist plot of solution treated in 
200 ppm Cl-, (h) Nyquist plot of peak aged in 1000 ppm Cl-.  Note: Msd denotes measured data points and Calc. denoted 
calculated data points with the equivalent circuit model. (i) Electrical equivalent circuit fitted the data of Nyquist plots. 
 

 The Rs values remained almost a constant in spite of different chloride concentrations.  

The capacitance behavior of the surface layer was represented as constant phase elements, 

whose impedance can be expressed as 

Z = 1/(j×w)aQ1   (8) 

where Z = impedance, w = angle frequency, j = −1, Q1 = admittance due to the capacitor 

behavior, a = parameter describing the leaky capacitor behavior, a = 1 for an ideal capacitor 

with single time constant, and a < 1 when the system behaves like a leaky capacitor with 

distributed time constants. 

 The better passivation behavior could be associated with high charge transfer resistance 

or high impedance.  Therefore, higher resistance values of R1 and R2 would render the passive 

films more protective.  Based on the relation (8), lower values of admittance for Q1 and Q2 

would make the surface layers more protective. 

 

(g) (h) 
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 From Table 3.4, it can be noticed that both the inner and outer layers of the surface film 

showed high resistance values in the order of 30 – 750 kW×cm2.  The as-received specimens 

showed almost similar R1 and R2 values, whereas the peak aged specimens showed higher R1 

values.  This could possibly be attributed to the higher RE incorporation in the outer layer of 

the surface film because of distribution of finer coherent precipitates in the alloy matrix.  

Similarly, the overaged specimen also showed higher R1 values.  On the other hand, the Q1 

values of the peak aged and overaged specimens were higher than their Q2 values, as well as 

the Q1 values of AR and ST specimens, in general. 

 The results of the Mott-Schottky plots are summarized in Table 3.3.  Typical Mott-

Schottky plots of peak aged sample in different chloride concentration solutions are shown in 

Fig. 3.11.  The positive slope of the Mott-Schottky profile indicated that the surface film 

behaved like an n-type semiconductor.  Therefore, the predominant charge carriers in the film 

could be oxygen vacancies or metal cation interstitials.  The charge carrier densities were 

determined from the slope and reported to be in the range of 2 – 7 ´ 1021 cm-3, based on the 

exposed geometric area.  There was no clear trend in the variations of the charge carrier density 

as a function of chloride concentrations or heat treatment conditions could be observed.  

Therefore, the role of secondary phase precipitates on the impedance behavior of the surface 

film could not be determined. 

 

 
Fig. 3.11 Mott-Schottky plots of peak aged samples (200 °C, 168 h) in different chloride concentrations. 
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Fig. 3.12 Optical microstructures of WE43C specimens under potentiostatic condition (1.5 VAg/AgCl) until pit initiated in 0.1 M 
NaOH with 500 ppm Cl-: (a) as-received, (b) solution treated, (c) peak aged (200 °C, 168 h), (d) overaged (300 °C, 2 h). 
 

3.3.5 Pit Initiation 

 Figure 3.12 shows microstructure of the samples where the pit initiated under 

potentiostatic condition (1.5 VAg/AgCl) in 0.1 M NaOH with 500 ppm Cl-.  From Fig. 3.12(a) – 

(d), it can be observed that the pits predominantly initiated at the spherical particles which were 

identified to be enriched with Zr.  Pits initiated at Zr-rich particles because they acted as the 

cathodic sites which has high volta potential difference with Mg matrix [33].  Figure 3.13(a) 

shows the microstructure of the sample before exposure to the electrochemical test 

environment, where the intermetallic particles are intact.  The attack on the spherical Zr 

particles in the form of small pits could be observed from Fig. 3.13(b) after the potentiostatic 

testing.  Figure 3.13(c) shows the EDAX results of the Zr-rich particles.  However, the 

rectangular particles (which are Y-rich particles as identified by the EDAX results in Fig. 

3.13(d)) were not susceptible to localized corrosion.  The Y-rich particles were still in the same 
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condition after the experiment.  The irregularly shaped secondary phase particles of the peak 

aged sample as seen in Fig. 3.12(c) and Fig. 3.13(e) were also subjected to localized corrosion.  

From the EDAX analysis, these particles were identified as Zr-rich phase, as seen in Fig. 

3.13(f).  The Zr-rich particles typically contain about 45 wt% Zr, 50 wt% Mg, and balance other 

alloying elements.   

 

     

 

     
Fig. 3.13 SEM images of WE43C in overaged condition (a and b), and in peak aged condition (e) under potentiostatic condition 
(1.5 VAg/AgCl) until pit initiated in 0.1 M NaOH with 500 ppm Cl-: (a) before the test, (b) after the test, (c) EDAX spectrum of 
spherical particles in (a), (d) EDAX spectrum of rectangular particles in (a), (e) before the test, (f) EDAX spectrum of particles 
in (e).  It should be noted that the images do not show the exact same area.  
 

From the morphology of attack as seen in Fig. 3.12(a) – (d) and 3.13(b), it is assumed 

that the Zr-rich particles show a core-shell type morphology with Mg core and Zr shell.  Since 

the redox potential of Zr4+/Zr is nobler than that of Mg2+/Mg (-1.539 VSHE vs -2.363 VSHE), the 

(c) (d) 

(f) 
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Zr shell acts as cathode to Mg core, and therefore the core is preferentially dissolved as seen in 

Fig. 3.13(b).  In case of Y-rich particles, the difference between the redox potentials of Y3+/Y 

and Mg2+/Mg is not significant (-2.372 vs -2.363 VSHE).  Therefore, there is no galvanic induced 

dissolution. 

 

3.3.6 Characterization of the Passivated Surface 

 Post-test analyses of the surface of the specimens after regular cyclic polarization or     

1-h potentiostatic passivation did not yield meaningful results using Raman spectroscopy or 

glancing angle XRD.  Therefore, the potentiostatic passivation was extended up to 36 hours to 

grow a thicker surface film.  Figure 3.14(a) shows the glancing angle XRD result of the 

passivated surface of the WE43C as-received specimen.  Similar results were obtained for other 

heat treated conditions.   Peaks corresponding to Mg(OH)2 could be observed along with the 

Mg solid solution peaks [34].  The XRD pattern did not reveal presence of either oxides or 

hydroxides of rare earth elements.  The Raman spectrum of the as-received sample’s surface 

did not show any definitive peaks as seen in Fig. 3.14(b).  However, broader peaks at 130, 326, 

649, and 975 cm-1 could be noticed.  These peaks match with the Raman peaks of Y2O3 reported 

at 130 (Fg), 330 (Fg + Eg) by Yu et al. [35], and MgO peaks of 652 (n2) and 980 (n1 + n8) cm-1 

as reported by Raman [36].  Figure 3.15(a) and (b) are the Raman spectra of the passivated 

surfaces of solution treated and peak aged specimens, respectively.  Similar Raman spectra were 

obtained in both the heat treated conditions, indicating that the secondary phase precipitation 

did not significantly influence the structure of the surface layers.  The Raman spectra suggested 

that the passive layer consisted of MgO and RE2O3, where RE represents Y, Nd, and Gd.  

Raman peaks corresponding to Mg(OH)2 were not observed.  The Mg(OH)2 peaks reportedly 

occur at 280 (Eg), 443 (A1g), 725 (Eg), and 3652 (A1g) [37].  Among the RE2O3 possible in this 

surface layer, Nd2O3 has a lower force constant than that of Gd2O3 and Y2O3 has a higher force 

constant than that of Gd2O3, and therefore the Raman shift of the given vibration mode will be 

lower for the Nd2O3 than the other two oxides [38].  The strongest Raman intensity of the RE2O3 

was considered to be Fg + Ag mode that occur at 376 cm-1 for Y2O3, and 360 cm-1 for Gd2O3, 

and ~340 cm-1 for Nd2O3 [35, 38].  The broader peak recorded around 360 cm-1 in both the 

specimens could be attributed to the presence of RE2O3 in the surface layer.  Incorporation of 

rare earth in the form of oxides within the surface layer can be further evidenced from the XPS 
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results as shown in Fig. 3.16(a) – (c).  High resolution XPS spectra of Y 3d of the passivated 

surface of the solution treated specimen are given before and after Ar-ion sputtering in Fig. 

3.16(a) and (b).  The sputtering process did not significantly affect the intensity of the 3d 

spectrum which indicated that the concentration of yttrium did not vary significantly within the 

sputtered thickness of the surface layer.  A doublet of Y 3d signal, corresponding to 3d3/2 and 

3d5/2, is generally reported to occur at about 160 ± 0.5 and 158.3 ± 0.5 eV, respectively that 

corresponds to Y2O3 and Y(OH)3 species [17].  In this study, very clearly resolved Y 3d doublet 

was not observed, but the broad peak observed at 158.0 eV and a shoulder at 159.75 eV with 

the as-received specimen after sputtering could be assigned to the presence of Y3+ species in 

the surface layer.  Jamesh et al. also observed single peak of Y 3d signal at 158.7 eV on the 

WE43 sample exposed to Ringer’s solution, and assigned the peak to the presence of Y2O3 [13].  

The RE elements were also present in the matrix of the WE43C alloy as solid solution and 

therefore the surface layer consisted of MgO, Mg(OH)2, and RE2O3 phases.  The XPS and 

Raman analyses of the passivated surface indicated that the heat treatment conditions did not 

significantly affect the composition of the surface film that was grown in 0.1 M NaOH solution. 

 

     
Fig. 3.14 (a) glancing angle XRD pattern of the as-received (AR) specimen after potentiostatic passivation in 0.1 M NaOH 
solution at 0.5 VAg/AgCl for 36 h, (b) Raman spectrum of the passivated surface of the AR specimen. 
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Fig. 3.15 Raman spectra of the potentiostatically passivated WE43C samples in 0.1 M NaOH: (a) solution treated sample,      
(b) peak aged sample. 
 

     

 
Fig. 3.16 XPS high resolution Y 3d spectra of the WE43C specimens potentiostatically passivated in 0.1 M NaOH at 0.5 
VAg/AgCl for 36 h: (a) solution treated specimen prior to Ar-ion sputtering (as passivated surface), (b) solution treated specimen 
after sputtering with Ar ion for 3 minutes, (c) peak aged specimen without sputtering. 
 

Further analysis of the surface layer was performed using scanning electron microscopy.  

Figure 3.17(a) – (d) shows the surface morphologies of the passive layer formed on the 

specimens of four different heat treated conditions after potentiostatic passivation at 0.5 VAg/AgCl 

in 0.1 M NaOH for 1 h.  The acicular type flake-like structures present in the passive layer 

indicated that the plate-like morphology of the b¢ (Mg12YNd) and b (Mg14RE3) phases could 

have influenced the structure of the film.  The solution treated specimen showed lower number 
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density of the oxide/hydroxide flakes than other heat treatment conditions.  Figure 3.18(a) and 

(b) show the cross sectional view of the passive layer formed on the as-received (AR) and peak 

aged (PA) specimens, respectively.  In order to view the thickness clearly, these specimens were 

passivated for 36 h in 0.1 M NaOH solution at 0.5 VAg/AgCl.  As seen, the as-received condition 

showed a relatively thicker surface layer (thickness of AR ~1100 nm vs ~580 nm for PA 

sample) with a more compact bottom layer than that of peak aged condition.  The better 

passivation behavior noted for the AR specimen could be attributed to the thicker and more 

compact passive layer. 

 

     

     
Fig. 3.17 SEM images of the surface of the passive layer formed on the different heat treated samples passivated at 0.5 VAg/AgCl 
for 1 h in 0.1 M NaOH solution: (a) as-received (AR), (b) solution treated (ST), (c) peak aged (PA), (d) overaged (OA).  
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Fig. 3.18 SEM images of the surface of the passive layer formed on the different heat-treated samples passivated at 0.5 VAg/AgCl 
for 36 h in 0.1 M NaOH solution: (a) as-received (AR), (b) peak aged (PA). 
 

3.4 Conclusions 

1. The highest chloride concentration that can be tolerated in 0.1 M NaOH without any 

corrosion of the WE43C in all heat treatment conditions was 200 ppm.  The corrosion potential, 

transpassive potential, and the passivation current density were not significantly modified with 

the addition of up to 500 ppm Cl- when compared to values in 0.1 M NaOH without chloride 

addition. 

2. The as-received specimens showed the fastest kinetics of passivation and the highest 

impedance of passive film formation compared to other heat treatment conditions. 

3. Localized corrosion was observed to be initiated on the secondary phases.  The Zr-rich 

intermetallic particle having spherical morphology in all heat treated conditions and the 

irregular shape of peak aged condition were susceptible to localized corrosion. 

4. The passive layer of the WE43C formed in 0.1 M NaOH solution under potentiostatic 

condition contained MgO, Mg(OH)2, and RE2O3 phases, and the composition of the surface 

layer was independent of the heat treated condition. 
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Abstract 

 Passivation kinetics of two Mg-RE alloys, such as Mg-Nd-Gd-Zn-Zr (EV31A), and Mg-

Y-Nd-Gd-Zr (WE43C) were investigated in two different heat treated conditions (solution 

treated and overaged) in 0.01 - 1.0 M NaOH solutions under potentiostatic conditions.  Negative 

reaction order was observed in dilute NaOH which transitioned to positive values as the 

passivation time increased and in the 1 M NaOH as well.  The passive layers showed platelet 

morphology and the size of the platelets decreased with increase in the NaOH concentration. 

The hydrogen evolution reaction (HER) kinetics was not improved on the passive layer covered 

surface of the Mg-RE alloys in contrast to the improvements reported on the hydroxide covered 

pure magnesium. The electrochemical impedance increased with increase in the NaOH 

concentration in the solution treated condition of both Mg-RE alloys, whereas the overaged 

EV31A alloy showed a reverse trend.  The passive layer of EV31A showed almost 100% higher 

charge carrier density than the film formed on the WE43C in the overaged condition.  A better 

passivation behavior was observed in the solution treated condition than that in the overaged 

condition which could be attributed to the uniform distribution of the RE elements in the 

solution treated specimens. The WE43C alloy revealed better corrosion resistance in the 

alkaline solution than the EV31A alloy. 

Keywords: Magnesium rare earth alloy; Passivation; Alkaline solution; Hydrogen Evolution 
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4.1 Introduction 

 Corrosion and passivation behavior of pure magnesium in alkaline pH condition has 

been well documented [1 – 6].  When exposed to pH 10 solution, pure magnesium formed a 

surface layer consisting of Mg(OH)2 with a morphology of 30 nm ´ 300 nm platelets [1].  

Increase in the pH decreased the corrosion rate of Mg.  Even though MgO layer was considered 

to form during the corrosion of Mg, the corrosion rate was related to the dissolution kinetics of 

Mg(OH)2, since MgO hydrolyzed to Mg(OH)2 layer [3].  Surface reaction between the OH- and 

protons with an activation energy of 10 kcal/mole was considered a rate limiting step for the 

Mg(OH)2 dissolution.  At high pH conditions, the diffusion of dissolved Mg(OH)2 away from 

the Mg surface was a rate limiting step [3].  Mg-Al-Zn alloy (AZ21) formed a surface film 

consisting of three layers such as a) an inner layer enriched in Al2O3, b) intermediate layer of 

MgO, and c) outer layer of Mg(OH)2 [4]. 

 Ismail and Virtanen [5] reported for the first time the fluctuations in OCP of AZ31 in 

0.5 M KOH.  The potential fluctuations were attributed to the breakdown of the surface layer 

by the internal stress developed within the outer layer during transformation of MgO to 

Mg(OH)2.  The Pilling-Bedworth ratio (PBR) of MgO is 0.81 and for Mg(OH)2 is 1.74.  The 

volume expansion incurred during the MgO ® Mg(OH)2 transformation induced significant 

internal stress on the outer layer.  The rupture of the passive layer allowed the electrolyte 

permeated through the surface layer and attack the bottom layer causing formation of a new 

Mg(OH)2 layer.  This process repeated and showed fluctuations in the OCP of AZ31 [5].  

Similar type of potential fluctuation was reported for commercial purity Mg in 1 M NaOH by 

Taheri and Kish [6].  The surface film formed in 1 M NaOH was found to be 50 - 150 nm thick 

crystalline MgO layer that was hydrated to different degrees to form amorphous Mg(OH)2-rich 

nodules.  The coverage of the Mg(OH)2 nodules was reported to be partial in the alkaline 

solutions [6] whereas a continuous coverage of Mg(OH)2 was noted in the pure water [7].  The 

effect of microstructures on the potential oscillations of AZ31B cast alloy was investigated by 

Li et al. [8] and the passive film breakdown at the oxide interface between primary a-matrix 

and eutectic phase was attributed to the potential oscillations. 

 Nordlien et al. [9] investigated the passive film formed on Mg-Al-Zn and Mg-Al-RE 

alloys after exposure to high purity water for 48 h.  All the alloys showed a triple-layered surface 

film.  Alloying with aluminum increased the stability of the passive film of Mg. Addition of RE 
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to the Mg-Al alloy system enhanced the stability of the passive layer further.  However, Mg-

RE binary alloy without Al-addition did not show improvement in the corrosion protection.  

Yamasaki et al. [10] investigated the passivation behavior of rapidly solidified Mg-Zn-Y-Al 

alloys in 0.17 M NaCl.  The cooling rate and resulting supersaturated solid solution of material 

significantly affected the corrosion behavior.  The outer layer of the passive film consisted 

mostly of MgO/Mg(OH)2 and the inner layer had Y and Al incorporated MgO/Mg(OH)2.  The 

thickness of inner layer decreased with increase in the Al alloying addition. 

 Pinto et al. reported the electrochemical behavior of Mg-RE alloys in borate buffer 

solution (pH 9.2) and the corrosion resistance increased when the RE was present in solid 

solution [11].  Presence of amorphous Y2O3 increased the corrosion resistance of WE54 alloy.  

On the other hand, when the Mg-Zr-RE alloys were tested in alkaline solution (pH 13), presence 

of RE was not detected on the surface films even though the semiconducting behavior was 

different from that of pure MgO/Mg(OH)2 [12].  Plasma electrolytic oxidation of WE43 alloy 

in T6 condition using silicate or phosphate based electrolytes revealed uniform distribution of 

Y and Nd throughout the coating [13].  Thicker film of Al2O3 from sputtering on Mg showed 

better corrosion resistance than thinner film of ZrO2 [14].  Xu et al. [15] compared corrosion 

behavior of pure Mg, and pure RE (Y, Nd, Gd, Dy).  The passivation behavior of pure RE in 

saline environment (pH 7) is weaker than of pure Mg. 

 The present authors reported threshold chloride concentrations required for breakdown 

of the passive formed on the EV31A, and WE43C alloys in the 0.1 M NaOH solutions by 

potentiodynamic polarization studies in their earlier publications [16, 17].  However, the effect 

of RE additions on the kinetics of passivation of Mg alloys is not fully understood, especially 

in the alkaline solutions.  In this study, the kinetics of passivation of two Mg-RE alloys such as 

Mg-Nd-Gd-Zn-Zr alloy (EV31A), and Mg-Y-Nd-Gd-Zr alloy (WE43C) were systematically 

investigated in different concentrations of NaOH.  The specimens were investigated in solution 

treated (ST) and overaged (OA) heat treatment conditions in order to understand the effect of 

secondary phases on the passivation kinetics.  The hydrogen evolution behavior of the passive 

film covered surface of the Mg-RE alloys has been investigated.  The NaOH electrolyte may 

not represent the real life service conditions in which magnesium alloys are generally used. 

Since the surface film formed on the Mg alloys are stable only above pH 10.5, the investigations 

using NaOH solutions help develop fundamental understanding of the passivation behavior.  
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The results point out that Mg alloys can potentially be used for storing caustic soda, an 

important chemical in paper and pulp, and textile industries. 

 

4.2 Experimental 

Mg-Nd-Gd-Zn-Zr (EV31A), and Mg-Y-Nd-Gd-Zr (WE43C) were provided by 

Magnesium Elektron N.A. Inc. in forms of 16-mm thick plates.  Both materials were cut into 

16 mm ´ 25 mm ´ 3 mm.  EV31A designated as “solution treated (ST)” was given a solution 

heat treatment by soaking at 525°C for 8 h followed by quenching in room temperature water.  

The overaged (OA) specimens were given a solution heat treatment as described earlier and 

aged at 300°C for 4 h and cooled down in air to room temperature after the solution heat 

treatment.  The samples were metallographically polished down to 1500 grit in dry condition 

for electrochemical tests, and to a 1 micron finish in wet condition for microstructural 

investigation, then cleaned with acetone. The optical microstructure investigation was 

conducted by using an OLYMPUS PMG3 optical microscope. The scanning electron 

microscopy (SEM) was conducted by using LEO SUPRA 35VP electron microscope. 

The test solutions used in the electrochemical experiments were 0.01, 0.1, and 1 M 

NaOH which were prepared by using a reagent grade NaOH (EMD Chemicals, Inc.) and high 

purity deionized water (resistivity 18.2 MΩ-cm) obtained using a water purification system 

(Millipore, Model: Milli-Q PF Plus).  Electrochemical tests were conducted using a home-made 

PTFE flat-cell (volume of electrolyte: 150 ml) exposing 1 cm2 area of sample surface to the 

electrolyte and a 3-electrode configuration which consisted of Pt-wire counter electrode (2 cm2 

surface area), Ag/AgCl reference electrode (199 mV vs SHE), and the specimen as a working 

electrode.  A computer controlled potentiostat (PAR VersaSTAT MC with VersaStudio 

software) was used to measure electrochemical data.  The open circuit potential (OCP) was 

measured for 48 h from the samples exposed to 0.1 M NaOH solution.  Potentiostatic tests were 

conducted at 0.1 and 0.5 V vs reference electrode in different NaOH concentrations.  The data 

was plotted every 0.02 s for 2 min, and every 1 s for 1 h.  The electrochemical impedance 

spectroscopy (EIS) was conducted at the passivation potential by scanning the frequency from 

100 kHz to 10 mHz.  Mott-Schottky measurements were carried out at a frequency of 316 Hz 

by scanning the potential from the potentiostatic passivation potential to the open circuit 

potential at 50 mV steps. All the electrochemical tests were duplicated, and in some cases 
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triplicated to verify the reproducibility. The tabulated values are average of the test runs, and 

the plots represent the best condition. 

Gracing angle XRD, XPS, and Raman spectroscopy analyses were carried out on the 

surfaces of select samples after potentiostatic passivation.  Gracing angle X-ray diffraction 

patterns were obtained using a Rigaku Smartlab 3 kW with Cu kα X-ray tube operated to 40 kV 

and 44 mA, where the incident angle of the X-rays was 0.5° with respect to the sample surface.  

A Thermo-Scientific DXR dispersive Raman microscope was used to characterize the Raman 

vibrational modes of the surface films.  Raman spectra were obtained for individual spots with 

a diameter of 0.7 µm with 4 exposures of 8 seconds at 100 X magnification using a 532 nm 

laser operated at 10 mW. 

 

4.3 Results and Discussion 

Figure 4.1(a) – (b) shows the microstructure of the EV31A in solution treated and 

overaged conditions, respectively.  The average grain size was 30 µm.  Secondary phase 

precipitates could be observed even in the solution treated condition.  These particles were 

identified as Nd/Gd-rich particles.  High melting point of Nd and Gd could be the reason why 

they did not dissolve in solid solution as Y-rich and Zr-rich particles observed in solution treated 

of WE43 [18].  The cellular-type b phase (Mg3RE) was observed in the overaged sample. 

Precipitates of Mg12Nd was observed in both the solution treated and overaged conditions [16]. 

 

           
Fig. 4.1 Optical microstructures of EV31A: (a) Solution treated, (b) Overaged. 

 

Figure 4.2(a) – (b) shows the microstructures of the WE43C specimen in solution treated 

and overaged conditions, respectively.  Similar to EV31A in solution treated condition, the 
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undissolved Mg12Nd precipitates could be observed in solution treated of WE43C [17].  The 

average grain size was 46 µm.  The overaged specimen showed dark-etched grains as seen in 

Fig. 4.2(b).  The secondary phases observed in the overaged condition were Mg11NdY2, Mg3RE, 

Mg41Nd5, and Mg24Y5 [17]. 

 

     
Fig. 4.2 Optical microstructures of WE43C: (a) Solution treated, (b) Overaged. 
 

Figure 4.3(a) – (b) shows the open circuit (OCP) plots of EV31A specimens in solution 

treated and overaged conditions, respectively.  The results showed that the OCP of solution 

treated specimen fluctuated quickly during the initial exposure, and the period of fluctuation 

was wider when exposure time increased.  The OCP increased after each fluctuation and the 

third loop showed stabilization of the OCP for approximately 5.5 h before the OCP dropped to 

-1.6 VAg/AgCl.  When the OCP recovered (moved upward) again, it was constant until the end of 

48 h.  The OCP showed an increasing trend even though periodic fluctuations occurred and 

after ~ 15 h it stabilized at about -0.4 VAg/AgCl.  The OCP of overaged (OA) specimen increased 

sharply from -1.79 VAg/AgCl to -1.2 VAg/AgCl and then abruptly decreased to -1.6 VAg/AgCl within 

the first 20 minutes of immersion.  This type of abrupt fluctuation occurred again and then the 

OCP gradually increased exhibiting two shoulder like steps until 26 hours of exposure to a value 

of -0.53 VAg/AgCl.  The OCP then dropped significantly to -1.47 VAg/AgCl, and swung back to        

-0.4 VAg/AgCl.  After that point, the OCP was constant until 48 h. 
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Fig. 4.3 OCP of EV31A specimens in 0.1 M NaOH solution recorded for 48 h: (a) Solution treated, (b) Overaged. 
 

Figure 4.4(a) – (b) shows the open circuit (OCP) plots of WE43C specimens in solution 

treated and overaged conditions, respectively.  OCP of both heat treatment conditions showed 

almost a similar behavior as that of their EV31A counterparts except that the overaged WE43C 

specimen did not show the fluctuation in the middle period (at ~ 26 h) of exposure.  The 

fluctuation of OCP observed in EV31A and WE43C specimen may be attributed to the passive 

film formation-breakdown-recovery behavior due to internal stresses associated with the 

volume expansion of hydrated oxides [5 – 8, 18].  The fluctuations of the OCP of WE43 in 

NaCl solution as reported by Chu and Marquis [18] were much smaller than that observed in 

the NaOH solution of this study.  The smaller fluctuations of the OCP values in the chloride 

solution could be attributed to the highly porous nature of the passive film and higher hydrogen 

evolution activity [18].  The gas evolution rate was significantly low in high pH conditions.  In 

order to understand the film formation process on the Mg-RE alloys, the anodic and cathodic 

reactions were separated by potentiostatic control. 

 

    
Fig. 4.4 OCP of WE43C specimens in 0.1 M NaOH solution recorded for 48 h: (a) Solution treated, (b) Overaged. 
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Under applied anodic potentials, formation of surface film could occur by the following 

reaction routes [19]: 

Mg + H2O ® MgO + 2H+ + 2e-  (1) 

MgO + H2O ® Mg(OH)2   (2) 

Mg + 2H2O ® Mg(OH)2 + 2H+ + 2e-  (3) 

Mg  ® Mg2+ + 2e-   (4) 

Mg2+ + H2O ® MgO + 2H+   (5) 

Mg2+ + 2H2O ® Mg(OH)2 + 2H+  (6) 

The reaction (2) could occur after the electrochemical reaction (1) or the MgO layer could form 

during exposure of the specimen surface to air.  The air formed MgO layer could hydrolyze to 

Mg(OH)2 which is a chemical reaction.  On the same note the reaction (5) and (6) are chemical 

reactions.  The reaction (1) and (3) could occur in multiple steps as proposed by Williams et al. 

[20, 21]. 

Mg + H2O ® Mg(OHads) (Hads)  (7) 

which is similar to Volmer reaction. 

      Mg(OHads) (Hads)  ® Mg(Oads) + 2H+ + 2e-  (8) 

      Mg(Oads) + Mg(Oads) ® 2MgO    (9) 

      Mg(OHads) (Hads) + H2O ® Mg(OHads)2 (Hads)2  (10) 

      Mg(OHads)2 (Hads)2 ® Mg(OHads)2 + 2H+ + 2e- (11) 

The above reactions are relevant for water adsorption conditions.  In alkaline conditions, the 

above reactions under the anodic polarization conditions can be written as followed: 

Mg + OH- ® Mg(OHads) + e-  (12) 

Mg(OHads) + OH- ® Mg(OH)2 + e-  (13) 

   Mg(OHads) + OH- ® MgO- + H2O  (14) 

   MgO-  ® MgO + e-   (15) 

Reactions (14) and (15) imply the presence of Mg as Mg+, which is controversial.  Song and 

Atrens [22] proposed presence of Mg+ reaction intermediates.  However, existence of Mg+ has 

not been experimentally verified and the theory has been contradicted by other researchers [23].  

Here, the reaction (14) and (15) are hypothetically proposed to describe the formation of MgO 

in two steps.  Presence of MgO was supported by Raman spectroscopy results as described in 
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a latter section. Hydrolysis of MgO to Mg(OH)2 was attributed to the OCP fluctuations.  In 

addition to Mg, other alloying elements also participate in the film formation. Chu and Marquis 

[18] reported incorporation of Nd in the oxide of the WE43 alloy, and Unocic et al. [24] reported 

incorporation of Nd in the oxide film of E717 alloy and enrichment of Nd, and Zn at the 

film/metal interface.  The oxide or hydroxide formation of the RE elements such as Y, Nd, and 

Gd under potentiostatic conditions in alkaline solutions could be given by the reaction [25]: 

RE + 3OH- → RE(OH)3 + 3e-  (16) 

Enhanced hydrogen evolution  reaction kinetics have been reported on the Mg(OH)2 

covered surfaces by different groups [26, 27].  Such enhancement was attributed to the 

reduction in work function of the [OH-] adsorbed surface which made the electron removal 

process easy for hydrogen reduction reaction (Heyrovsky pathway: Mg(OH)ad + H3O+ + e- → 

Mg(OH)2 + H2↑) [28].  Hydrogen evolution reaction (HER) kinetics of the surface film covered 

surface of the EV31A and WE43C specimens were evaluated by carrying out potentiodynamic 

polarization tests in the cathodic reaction.  The results were compared with the cathodic 

polarization of the freshly polished specimens of identical heat treated conditions. The 

specimens were immersed in 0.1 M NaOH solution at open circuit condition for 48 hours and 

then passivated at 0.5 VAg/AgCl for 1 h to obtain the surfaces covered with a passive layer.  The 

cathodic polarization was carried out immediately after the potentiostatic passivation. The 

potential was scanned from the open circuit potential to -2.4 VAg/AgCl at scan rate of 1 mV/s.  

Tafel slope, exchange current density of the HER, and over potential required for obtaining a 

current density of -1 mA/cm2 were calculated from the polarization plots, and summarized in 

Table 4.1.  The exchange current densities of the EV31A specimens increased significantly 

after the surfaces were covered with the passive layer.  However, the Tafel slopes, and the over 

potential at -1 mA/cm2 increased for the passive film covered surface of the EV31A alloy.  The 

specimens of WE43C alloy also showed almost a similar behavior even though the increase in 

the Tafel slope and over potential values were less pronounced.  Interestingly, there was no 

change in the exchange current density values of the WE43C specimens with and without 

passive film coverage.  No significant difference in the HER kinetics could be observed between 

the solution treated (ST) and overaged (OA) specimens of both the alloys, even though the 

solution treated condition showed marginally higher exchange current density than the 

overaged condition.  The reason for not showing improved HER behavior could be attributed 
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to the distribution of rare earth alloying elements in the passive layer that shielded the electrons 

from participating in the hydrogen reduction reaction.  Based on the electronegativity values, 

and work functions [29], partial electron transfer could occur from the rare earth alloying 

elements to the magnesium matrix.  However, presence of Zr or Zn atoms at the surface of the 

specimens would adversely affect the HER kinetics because of their higher work function and 

increased electronegativity.  Furthermore, the adsorption energy or binding energy of hydrogen 

at alloying element sites also needs to be considered.  Since the rare earth elements and Zr show 

high affinity to hydrogen and form hydrides, the HER kinetics will be adversely affected [30].  

Overall, the results indicated that surface coverage of passive film of Mg-RE alloys did not 

increase the HER activity.  This result has significant bearing on the hydrogen assisted 

environmental cracking behavior of the material which suggests that Mg-RE alloys may be less 

susceptible to hydrogen embrittlement. 

 
Table 4.1 Summary of the cathodic polarization results of EA31A and WE43C specimens in two different heat-treated 
conditions in 0.1 M NaOH with different surface conditions. 

Sample Tafel slope 
V/dec 

Exchange current density 
for hydrogen evolution, i0 
A/cm2 

Over potential for 
-1 mA/cm2 

EV31A ST-fresh surface -0.16 2.9�10-10 -1.03 

ST-Film covered -0.30 7.5�10-8 -1.53 

OA-Fresh surface -0.17 5.5�10-10 -1.04 

OA-Film covered -0.24 2.5�10-8 -1.51 

WE43C ST-fresh surface -0.21 6.0�10-9 -1.15 

ST-film covered -0.23 6.0�10-9 -1.38 

OA-Fresh surface -0.18 2.0�10-9 -1.05 

OA-film covered -0.21 1.7�10-9 -1.33 

 

Figure 4.5 shows the i-t plots in log-log scale of the EV31A solution treated specimens 

in different concentrations of NaOH at two different potentials (0.1 and 0.5 VAg/AgCl).  The 

current recorded at 0.02 s was the highest in all the cases and the current decayed continuously 

with time, indicating formation of a surface film rendering passivity.  The current density was 

higher in the 0.01 M NaOH than that in the 0.1 M or 1 M NaOH.  In other words, the passivation 

current increased with decrease in the pH of the solution.  The rate of current decay (slope of 

the log i vs log t, d(log i)/d(log t)) was shallower at the first 200 ms of potentiostatic condition 

which transitioned to a steeper slope between 1 and 10 s of passivation.  After 10 s, the slope 



 82 

become shallower or in some cases the sign of the slope changed indicating increase in the 

current density instead of a current decay. 

 

 
Fig. 4.5 i-t plots of the EV31A (solution treated condition) in different concentrations of NaOH at two different potentiostatic 
conditions. 
 

The current decay behavior could be described using a simple relation [31]: 

it = i0ta  (17) 

where  it = current at time t 

 i0 = instantaneous current at the time of application of the potential 

 a = exponent of the current transient or slope of the log i vs log t.  More the negative 

value of the exponent, faster the kinetics of the passivation. 

 Table 4.2 summarizes the passivation exponent, a or slope of the log i vs log t, for 

different specimens at different passivation potentials.  The negative values indicate current 

decay and continuation of the passivation whereas positive values of “a” indicate increase in 

current due to corrosion dissolution or passivity breakdown.  From Table 4.2, it can be seen that 

the passivation kinetics of the solution treated EV31A increased with time in the dilute alkaline 

solution (0.01 M NaOH), but the passivation kinetics decreased with time in higher 

concentrations, at both applied potentials.  Similar trends were observed for the overaged 

specimens of EV31A, as summarized in Table 4.2 and in Fig. 4.6.  The overaged specimens of 

EV31A showed relatively larger oscillations in the current decay between 1 and 10 s of 

passivation.  The passive current oscillations those were more significant in the overaged 

specimens could be related to the incoherent precipitates present in the overaged condition.  The 

solution treated specimens showed faster passivation kinetics (more negative values of “a”) 

than that of the overaged specimens.   The  faster  kinetics  could  possibly  be  attributed to the 
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uniform distribution of passivity inducing alloying elements in the solid solution.  When large 

secondary phase precipitates formed in the overaged condition that were incoherent with the 

matrix, the stability of the passive film was affected as observed from the large current 

oscillations. 

 

 
Fig. 4.6 i-t plots of the EV31A (overaged condition) in different concentrations of NaOH at two different potentiostatic 
conditions. 
 

 Figure 4.7 and 4.8 show the i-t plots of the WE43C specimens in solution treated and 

overaged conditions.  The slopes of the i-t plots are summarized in Table 4.2.  The passivation 

behavior of the WE43C alloy was similar to that of EV31A, including larger oscillations of 

current profile for the overaged condition.  Figure 4.9(a) – (d) shows the passivation current at 

two different potentials as a function of the concentration of NaOH for the EV31A solution 

treated specimen.  These plots are based on the data presented in Fig. 4.5. 

 

 
Fig. 4.7 i-t plots of the WE43C (solution treated condition) in different concentrations of NaOH at two different potentiostatic 
conditions. 
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Fig. 4.8 i-t plots of the WE43C (overaged condition) in different concentrations of NaOH at two different potentiostatic 
conditions. 
 

 

 
Fig. 4.9 Hydroxyl (OH-) ion concentration vs current density plots recorded at two different potentiostatic conditions (0.1 and 
0.5 VAg/AgCl) at different times for the EV31A solution treated (ST) specimens: (a) at t = 0.02 s, (b) t = 100.02 s, (c) t = 1000 s, 
(d) t = 3600 s. 
 

 Table 4.3 summarizes the slopes of the log i vs log COH
- at different time zones and 

different potentials.  The slope gives an idea about the reaction order (m).  The passivation 

current (ip) can be given as (based on the reaction (12)): 

ip = Fk1(COH
-)m (1 - q)exp(!"#$h)  (18) 

where  q = surface coverage of adsorbed hydroxyl species 



 

 

86 

h = over potential 

b = symmetry factor or transfer co-efficient [32] 

k1 = rate constant for the forward reaction (12) 

m = order of the reaction 

 The variation in the surface coverage the passive Mg(OH)2 as a function of time can be 

expressed using standard electrode kinetics relations as [32] 

%q/%' = )* 1 − 	. /012 3 − )4*. /012 + )6.(/012)3 − [)46 1 − . /012 ]  
(19) 

where k2 and k-2 are rate constants of forward and reverse reactions of (13) 

 The slope of the log i vs log COH
- plots at lower concentrations (between 0.01 and 0.1 

M NaOH) of OH- were negative and in the range of -0.053 and -0.543.  The negative slope 

could be described as m = d(log i)/d(log COH
-) = (aan – 1), where aan is transfer co-efficient of 

the anodic reaction on the Mg-RE specimens [32].  The negative slope indicated that the passive 

current density decreased with increase in the hydroxyl ion concentration.  At lower 

concentration of OH- the surface coverage was low and therefore the corrosion current due to 

magnesium oxidation (reaction (4)) was high.  With increase in the OH- concentration in the 

solution the surface coverage “q” increased, and therefore the ip, decreased following the 

relation (18).  During the initial period of potentiostatic conditioning (t < 100 s), all the 

specimens (both EV31A and WE43C in two heat treated conditions) showed a negative reaction 

order.  Figure 4.10(a) – (d) shows the plots of log i vs log COH
- of the overaged specimens of 

EV31A alloy.  Figures 4.11 and 4.12 illustrate the log i vs log COH
- plots of the WE43C alloy 

in solution treated and overaged conditions, respectively. 

 Positive reaction order (m = 1 - aan) was observed when the NaOH concentration 

increased to 1 M.  Furthermore, mostly positive slopes were observed in between 100 - 1000 s 

of passivation.  The slope increased with increase in the time of passivation, in general, for most 

of the specimens.  After 1 h of passivation, a negative reaction order was observed on the Mg-

RE alloy specimens except for the EV31A-OA.  The overaged EV31A alloy showed a positive 

reaction order after 100 s of passivation.  Increase in the passivation potential to 0.5 V showed 

relatively low values of the slope as compared to the slopes recorded at 0.1 V. 

 When the reaction order is compared between the heat treated conditions of a particular 

alloy  based  on  the  data  given in Table 4.3, it can be observed  that the overaged specimen of 
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Table 4.3 Summary of the slope m = [d(log i)/d(log COH-)] of the Mg-RE alloys in different concentrations of NaOH at two 
different bias potentials. 
Material sec PS 0.1 V PS 0.5 V 

slope 0.01-0.1M slope 0.1-1M slope 0.01-0.1M slope 0.1-1M 

EV31A ST 0.02 -0.372 0.015 -0.438 -0.003 

  0.12 -0.368 0.023 -0.431 0.003 

  1.02 -0.298 0.067 -0.340 0.039 

  10.02 -0.053 0.135 -0.057 0.112 

  100.02 0.067 0.227 -0.021 0.327 

 1000 0.279 -0.087 0.310 -0.009 

 3600 -0.189 -0.100 -0.145 0.043 

EV31A OA 0.02 -0.543 0.275 -0.240 -0.138 

 0.12 -0.530 0.279 -0.230 -0.132 

  1.02 -0.421 0.300 -0.145 -0.096 

  10.02 -0.142 0.375 0.004 0.036 

  100.02 0.151 0.347 0.061 0.294 

 1000 0.412 0.241 0.369 0.094 

 3600 0.161 0.169 0.121 0.117 

WE43C ST 0.02 -0.433 -0.009 -0.497 0.028 

  0.12 -0.428 -0.0002 -0.492 0.035 

  1.02 -0.364 0.049 -0.412 0.070 

  10.02 -0.180 0.181 -0.088 0.105 

  100.02 -0.284 0.485 -0.119 0.243 

 1000 0.118 -0.090 0.196 -0.040 

 3600 -0.099 -0.140 0.040 -0.075 

WE43C OA 0.02 -0.331 -0.013 -0.371 0.011 

  0.12 -0.326 -0.006 -0.361 0.021 

  1.02 -0.252 0.032 -0.261 0.078 

  10.02 -0.124 0.128 -0.012 0.201 

  100.02 -0.098 0.316 0.034 0.337 

 1000 0.257 -0.086 0.266 -0.021 

 3600 0.076 -0.169 -0.052 -0.029 
 

EV31A showed steeper slopes at 0.1 V than those of solution treated specimens.  On the other 

hand, the trend reversed at 0.5 VAg/AgCl.  In case of WE43C alloy, the solution treated specimens 

showed steeper slopes than those of overaged specimens in both constant potential conditions.  

Comparing the results between two alloys in a given heat treated condition, it was observed that 

the WE43C showed steeper slopes in the solution treated condition than the EV31A.  These 
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comparisons are based on the first 100 s of potentiostatic passivation.  Steeper negative slope 

of log i vs log COH
- is expected to yield a continuous, pore free surface layer that will be more 

resistant to corrosion than that obtained under shallow negative slopes or positive slopes. 

 

   

   
Fig. 4.10 Hydroxyl (OH-) ion concentration vs current density plots recorded at two different potentiostatic conditions (0.1 and 
0.5 VAg/AgCl) at different times for the EV31A overaged (OA) specimens: (a) at t = 0.02 s, (b) t = 100.02 s, (c) t = 1000 s,         
(d) t = 3600 s. 
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Fig. 4.11 Hydroxyl (OH-) ion concentration vs current density plots recorded at two different potentiostatic conditions (0.1 and 
0.5 VAg/AgCl) at different times for the WE43C solution treated (ST) specimens: (a) at t = 0.02 s, (b) t = 100.02 s, (c) t = 1000 
s, (d) t = 3600 s. 
 

  

  
Fig. 4.12 Hydroxyl (OH-) ion concentration vs current density plots recorded at two different potentiostatic conditions (0.1 and 
0.5 VAg/AgCl) at different times for the WE43C overaged (OA) specimens: (a) at t = 0.02 s, (b) t = 100.02 s, (c) t = 1000 s,        
(d) t = 3600 s. 
 

Table 4.4 summarizes the theoretically calculated surface layer thickness based on the 

charge passed on during the potentiostatic passivation.  The calculated thickness values are 

much higher than the experimentally determined values, in general.  This is because during the 

theoretical calculation, 100% Faradaic efficiency is assumed for film formation but in reality 

the dissolution of Mg as Mg2+ in the electrolyte is significant.  In this work, no attempt was 

made to determine the concentration of Mg2+ in the electrolyte after passivation runs.  
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Furthermore, accurate determination of the surface film thickness using FESEM was not 

possible without employing focused electron beam to get the cross sectional view.  The values 

in Table 4.4 can be used for a qualitative comparison between different heat treated conditions.  

At lower concentration of NaOH (0.01 and 0.1 M), the thickness of film formed at 0.1 V during 

first 2 min of passivation was almost similar for both of the heat treated conditions of EV31A.  

Increased concentration of NaOH to 1 M showed relatively thicker film.  Interestingly, 

passivation at 0.5 V showed thinner film than that obtained at 0.1 V for both alloys.  Overaged 

EV31A samples revealed thinner films in 0.01 and 0.1 M NaOH solutions than the solution 

treated EV31A specimens. 

 
Table 4.4 Comparison of theoretical thickness of passive film (calculated based on charge accumulated) formed under 
potentiostatic conditions in different concentrations of NaOH at two different time durations. 

Material NaOH concentration Passivation Thickness (nm) 

   (M)  potential (V) after 2 min after 1 h 

EV31A ST 0.01 0.1 485 1680 

    0.5 467 1432 

  0.1 0.1 466 2828 

    0.5 399 2431 

  1 0.1 728 2666 

    0.5 672 2755 

EV31A OA 0.01 0.1 376 1260 

    0.5 465 1777 

  0.1 0.1 369 2928 

    0.5 493 3394 

  1 0.1 867 4723 

    0.5 756 4388 

WE43C ST 0.01 0.1 530 1896 

    0.5 521 1706 

  0.1 0.1 302 2070 

    0.5 393 2419 

  1 0.1 680 2305 

    0.5 522 2390 

WE43C OA 0.01 0.1 540 1841 

    0.5 381 1418 

  0.1 0.1 415 2759 

    0.5 377 2280 

  1 0.1 721 2619 

    0.5 694 2604 
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 WE43C specimens showed thicker passive films after 2 min of passivation in most 

cases.  After 1 h of passivation, the thickness of the passive film increased with increase in the 

concentration of NaOH for both alloys.  WE43C in solution treated condition showed relatively 

thinner film than that of EV31A solution treated in 0.1 and 1 M NaOH.  Similar trend was 

observed also in the overaged conditions.  WE43C in solution treated condition showed 

relatively thinner films than those observed in the overaged condition after 1 h of passivation.  

Overall, WE43C showed thinner surface layers than that of EV31A. 

 Figures 4.13 and 4.14 illustrate Nyquist plots of the electrochemical impedance 

spectroscopy (EIS) results of the EV31A and WE43C specimens, respectively.  Tables 4.5 and 

4.6 summarize the EIS equivalent circuit model parameters.  The EIS measurement was 

conducted after passivation for 1 h under potentiostatic condition.  The impedance of solution 

treated of EV31A in 1 M NaOH was the highest while that of overaged in 1 M NaOH was the 

lowest as seen in Fig. 4.13.  When comparing the impedance in different pH electrolytes for the 

same heat treatment condition, it could be seen that the impedance of solution treated condition 

decreased as the OH- concentration decreased.  In contrast, the impedance of overaged specimen 

decreased as the OH- concentration increased.  The impedance of the WE43C in solution treated 

condition in 1 M NaOH also showed the highest magnitude as observed in the EV31A.  In 

addition, solution treated conditions showed higher impedance than overaged conditions in all 

NaOH concentrations.  Both of the heat treatment conditions showed a decrease in the 

impedance as the OH- concentration decreased. 

 
Fig. 4.13 Comparison of Nyquist plots of EV31A specimens with different heat treatment conditions in different concentrations 
of NaOH under potentiostatic 0.1 V condition. 
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Fig. 4.14 Comparison of Nyquist plots of WE43C specimens with different heat treatment conditions in different concentrations 
of NaOH under potentiostatic 0.1 V condition. 
 

The passive films of EV31A and WE43C showed two different electrical equivalent 

circuits as shown in Figures 4.15 and 4.16.  EV31A showed a disconnected porous structure 

(represented by R2 and Q2) embedded in a thicker matrix represented by R1 and Q1 in parallel.  

A physical representation of this circuit could be discrete distribution of embedded Mg(OH)2 

or RE(OH)3 nodules in a matrix of MgO [18, 33].  The overaged condition of EV31A showed 

higher Q1 and Q2 values, in general, than that of solution treated condition.  Furthermore, the 

values of Q1 and Q2 of the overaged E31A specimen increased with increase in the OH- 

concentration.  This observation indicates that the incoherent secondary phase precipitates 

possibly acted as conducting paths and detrimentally affected the passivation. 

 The EIS data of WE43C alloy specimens could be fitted with a 2-parallel RC circuits 

connected in series, as seen in Fig. 4.16.  This represents a dual-layered passive layer structure 

based on the existing literature data [17, 18, 33].  The bottom layer possibly be attributed to the 

MgO/RE2O3 represented by R2 and Q2 and the hydrated Mg(OH)2/RE(OH)3 type top layer 

represented by R1 and Q1.  Table 4.6 summarizes the model parameters of WE43C.  The 

resistance of the electrolyte, Rs, decreased with increase in the NaOH concentration as expected.  

The R1 values of the overaged were higher than those calculated for the solution treated 

specimens.  There were no significant variations in the Q1 and Q2 values between the two heat 

treatment conditions.  The R2 values of the solution treated condition were higher than those of 

overaged condition which could be attributed to the RE in the solid solution. 
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Fig. 4.15 Electrical equivalent circuit fitted the data of Nyquist plots of EV31A specimens. 
 

 
Fig. 4.16 Electrical equivalent circuit fitted the data of Nyquist plots of WE43C specimens. 
 
Table 4.7 Summary of the charge carrier densities of the passive films of EV31A and WE43C alloys formed in different 
concentrations of NaOH after 1 h passivation at 0.1 VAg/AgCl. 

Sample NaOH concentration 
(M) 

Charge carrier density of EV31A, ND 
(1/cm3) 

Charge carrier density of WE43C, ND 
(1/cm3) 

Solution treated 0.01 2.29�1021 3.21�1021 

  0.1 3.61�1021 4.18�1021 

  1 4.14�1021 4.30�1021 

Overaged 0.01 2.52�1021 3.91�1021 

  0.1 5.03�1021 4.90�1021 

  1 12.33�1021 6.06�1021 

 

Table 4.7 summarizes the charge carrier densities calculated based on the Mott-Schottky 

plots.  All the plots showed n-type semiconducting behavior.  The charge carrier density 

increased with increase in the concentration of NaOH, for both alloys and both heat treated 

conditions.  The overaged specimen of both alloys showed higher charge carrier densities than 

the solution treated specimen.  The passive film of the solution treated specimen of both alloys 

showed almost similar charge carrier densities, implying that the alloy chemistry did not 

significantly alter the electronic property of the passive layer.  On the other hand, the passive 

film of overaged EV31A showed much higher charge carrier density than that determined for 

the overaged WE43C alloy.  This implies that the WE43C overaged specimen may have better 
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corrosion resistance than the EV31A overaged.  The EIS and Mott-Schottky results obtained 

on the specimens passivated at 0.5 VAg/AgCl were similar to that of the results obtained at 0.1 

VAg/AgCl. 

 Figure 4.17(a) – (d) shows the morphology of the surface layer formed under 

potentiostatic conditions on the EV31A alloy specimens in solution treated and overaged 

conditions.  The film formed in 0.01 M NaOH showed platelet morphology of the Mg(OH)2 

phase.  At higher concentration (0.1 M NaOH) and high applied potential, dissolution of the 

Mg(OH)2 possibly occurred that resulted in relatively smoother surface film as seen in Fig. 

4.17(b) or much smaller platelet structure as seen in Fig. 4.17(c).  The surface film formed on 

the overaged sample in 0.01 M NaOH showed a densely packed platelet morphology. 

 

     

     
Fig. 4.17 SEM images the outer surface layer of the EV31A specimens passivated under different conditions for 1 h: (a) ST 
specimen passivated at 0.5 VAg/AgCl in 0.01 M NaOH, (b) ST specimen passivated at 0.5 VAg/AgCl in 0.1 M NaOH, (c) ST 
specimen passivated at 0.1 VAg/AgCl in 0.1 M NaOH, (d) OA specimen passivated at 0.1 VAg/AgCl in 0.01 M NaOH. 
 

 Figure 4.18(a) – (e) shows the morphology of the surface film on the WE43C specimens.  

The size of the platelets decreased with the increase in the NaOH concentration.  It can be 

concluded that such reduction in the size of the platelet resulted in a more resistant porous free 
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surface film.  There was no significant difference in the morphology of the surface films formed 

on the solution treated and overaged specimens as seen in Fig. 4.17(a) and 4.17(d). 

 

     

     

 
Fig. 4.18 SEM images the outer surface layer of the WE43C specimens passivated under different conditions for 1 h: (a) ST 
specimen passivated at 0.5 VAg/AgCl in 0.1 M NaOH, (b) ST specimen passivated at 0.5 VAg/AgCl in 1 M NaOH, (c) OA specimen 
passivated at 0.5 VAg/AgCl in 0.01 M NaOH, (d) OA specimen passivated at 0.5 VAg/AgCl in 0.1 M NaOH, (e) OA specimen 
passivated at 0.1 VAg/AgCl in 0.01 M NaOH. 
 

 Figure 4.19(a) – (b) shows the glancing angle XRD patterns of the passivated specimens 

of the EV31A and WE43C alloys.  In addition to the peaks corresponding to the substrate, peaks 

associated with Mg(OH)2, MgGd2Zr2O8 (JCPDS# 03-065-0426), and NaGdO2 (JCPDS# 01-

072-7629) could be identified in both alloys. 
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Fig. 4.19 Glancing angle XRD of the solution treated Mg-RE specimens after passivation at 0.5 VAg/AgCl for 36 h in 0.1 M 
NaOH solution: (a) EV31A, (b) WE43C.  The peak with (     ) could be identified as MgGd2Zr2O8 through JCPDS card No: 
03-065-0426, or NaGdO2 through JCPDS card No: 01-072-7629. 
 

    
Fig. 4.20 Raman spectra of the solution treated Mg-RE specimens after passivation at 0.5 VAg/AgCl for 36 h in 0.1 M NaOH 
solution (a) EV31A, (b) WE43C. 
 

Figure 4.20(a) – (b) shows the Raman spectra of the passive layers formed on the 

EV31A and WE43C specimens, respectively.  In Fig. 4.20(a), a broad peak between 650 – 680 

cm-1 was observed which could be attributed to the present of MgO.  Raman [34] identified the 

peaks of MgO at 652, 658 and 680 cm-1 and assigned the peaks with n3 (oscillation of Mg and 

O in opposite phases), n6 + n9 (normal oscillation of octahedral layers of Mg + tangential 

oscillations of cubic planes Mg and O in same phase) and n2 (tangential oscillation of cubic 

planes, Mg and O in opposite phase), respectively.  The broader peak observed at 1001 cm-1 is 

also assigned to n5 + n6 vibrations of the MgO.  The broader peak around 443 cm-1 is assigned 

to A1g vibration mode of Mg(OH)2.  Figure 4.20(b) shows the Raman spectra of the WE43C 

surface layer.  The observed peaks were at 130, 330, 530, and 975 cm-1.  The peaks at 130, 330 

cm-1 could possibly be assigned to Y2O3 as reported by Yu et al. [35], and the peaks at 530 and 

975 cm-1 could be identified as MgO based on the reported values of 527 and 980 cm-1 for the 

ν5 (tangential oscillation of octahedral O layers and Mg at rest), and ν1 + ν8 (normal oscillation 
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of cubic planes, Mg and O atoms in same phase (ν1) + normal oscillation of cubic planes, Mg 

and O atoms in opposite phases (ν8)) oscillations, respectively [34].  The ex-situ Raman analyses 

of the passive layer showed that the passive layers of EV31A and WE43C were composed of 

MgO, Mg(OH)2, and RE2O3. 

 

4.4 Conclusions 

1. The slope of the passivation current vs time in log-log scale was considered as a parameter 

for characterizing the passivation kinetics of the Mg-RE alloys. The passivation kinetics 

increased initially and decreased after about 100 s of passivation at constant potentials. 

Furthermore, the kinetics decreased with increase in the OH- concentration. There was no 

significant difference in the kinetic exponent values between the solution treated and overaged 

conditions, even though the solution treated specimens showed relatively faster kinetics. 

2. The slope of log i vs log COH
-, reaction order, was negative at low OH- concentrations and 

positive at high OH- concentration during the first 100 s of passivation.  At longer passivation 

times only a positive reaction order was observed. 

3. The ex-situ Raman analyses of the passive layer showed that the passive layers of EV31A 

and WE43C were composed of MgO, Mg(OH)2, and RE2O3. 

4. The passive film formed on the Mg-RE alloys showed platelet morphology in the NaOH 

electrolyte and the size of the platelets decreased with increase in the concentration of the 

NaOH. 

5. The passive layer formed on the WE43C (Mg-Y-Nd-Gd-Zr) alloy was relatively thinner than 

the layer formed on the EV31A (Mg-Nd-Gd-Zn-Zr) alloy. 

6. The thickness of the passive film increased with the increased concentration of NaOH under 

potentiostatic conditions. 

7. The passivation behavior of the overaged condition was inferior to that of solution treated 

condition. 

8. The passive layer covered EV31A specimens showed higher exchange current density for 

the hydrogen evolution reaction (HER) than the polished surface condition.  

9. No improvements on the HER kinetics were observed for the passive layer covered WE43C 

alloy specimens compared to that of polished surface conditions. 
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CHAPTER 5 

Stress Corrosion Cracking of Mg-Zn-Gd-Nd-Zr Alloy (EV31A) and Mg-Y-Nd Alloy 

(WE43C) Using U-bend Test 
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Abstract 

 Stress corrosion cracking (SCC) of Mg-Zn-Gd-Nd-Zr (EV31A) and Mg-Y-Nd 

(WE43C) alloys was investigated by using U-bend method.  Open circuit potential (OCP) was 

measured during the tests in 0.1 M NaOH solution with different chloride concentrations.  

EV31A and peak-aged WE43C failed by SCC in 80 ppm chloride solution at OCP.  When crack 

initiation occurred the OCP decreased continuously.  The OCP profile could be used for 

monitoring SCC failure of the Mg-RE alloy components in real life service.  Applied potentials 

in SCC susceptible zones did not cause SCC in EV31A specimens, but accelerated SCC of the 

WE43C peak-aged specimen in transpassive region. 

Keywords: Magnesium rare earth alloy; Stress corrosion cracking; U-bend test; Chloride 

 

5.1 Introduction 

 Magnesium alloys are candidate structural materials for the automobile and aircraft 

applications because of their high strength to weight ratio comparable to Al alloys.  However, 

their corrosion resistance is inferior to Al alloys’ corrosion resistance.  In order to be used in 

aerospace and high performance automotive industries high strength at elevated temperature is 

required.  Mg-RE-Zr alloys such as EV31A (Mg-Zn-Gd-Nd-Zr alloy), and WE43C (Mg-Y-Nd 

alloy) retain high strength at elevated temperatures (~300 ºC) [1].  Addition of rare earth 

elements such as Nd, Gd, and Y impart strengthening at high temperatures due solid solution 

strengthening and precipitation hardening due to formation of metastable b¢ and b1 phases [2]. 
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 Mg alloys are susceptible to stress corrosion cracking (SCC) [3].  When materials with 

specific microstructures are subjected to stress above a threshold level and exposed to 

susceptible environment, SCC is likely to occur.  The probability of SCC may depend on 

alloying elements; for example, Zr-containing alloys are less susceptible than Zr-free alloys [4], 

and Mg alloys with the compositions containing rare-earth elements are reported to have 

improved SCC resistance [5].  Manufacturing method of Mg alloy may be another factor which 

influences SCC; for example, wrought Mg alloys are more susceptible than casting Mg alloys 

[4]. 

 Kannan et al. [5] studied SCC behavior of Mg-RE alloys such as ZE41, QE22 and 

EV31A (Elektron 21) and compared the results with that of AZ80 in distilled water, and 0.5 

wt.% NaCl solution under slow strain rate test (SSRT) conditions.  The results showed that 

AZ80 was equally susceptible to SCC both in distilled water, and 0.5 wt.% NaCl solution, while 

ZE41, QE22 and EV31A were more susceptible to SCC in 0.5 wt.% NaCl than in distilled 

water.  AZ80 showed transgranular cracking (TGSCC) along with pitting corrosion, and ZE41 

showed mixed mode crack growth consisting of intergranular cracking (IGSCC) due to grain 

boundary dissolution, and TGSCC in some areas in 0.5 wt.% NaCl solution.  QE22 also 

reportedly showed both TGSCC and IGSCC (predominant) and corrosion products were 

observed on the fracture surface [5].  EV31A also showed mixed TGSCC and IGSCC modes 

in 0.5 wt.% NaCl solution.  These authors attributed TGSCC of Mg-RE alloys to mechanism 

involving hydrogen, while IGSCC was related to corrosion of secondary phase particles along 

grain boundaries [5].  The fracture mode was also a function of grain size of the materials.  Finer 

grains in AZ80 showed TGSCC mode, whereas, coarser grains in ZE41, QE22, and EV31A 

showed mixed TGSCC and IGSCC modes [5]. 

 Padekar et al. [6, 7, 8] investigated SCC behavior of EV31A (Elektron 21) in different 

electrolytes such as distilled water, 0.01 M and 0.1 M NaCl saturated with Mg(OH)2 solution, 

and compared the results with that of AZ91E by using SSRT and constant load test (CLT).  The 

SSRT results showed that both EV31A and AZ91E were susceptible to SCC in all three 

environments investigated.  EV31A showed better SCC resistance than AZ91E.  The fracture 

mode of AZ91E was TGSCC in all the test solutions, while EV31A revealed TGSCC in distilled 

water, and mixed IGSCC and TGSCC in chloride-containing solutions [7].  The constant load 

test was carried out only 0.1 M NaCl saturated with Mg(OH)2 solution [6, 8].  The results 
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showed that 60% of the yield stress was sufficient to cause SCC in AZ91E, whereas no SCC 

failure was observed in EV31A even after 1008 h test at a stress level of more 100% of the yield 

strength [8]. 

 Raman et al. [9] studied SCC behavior of biodegradable and Al-free Mg alloys ZX50, 

WZ21, and WE43 in simulated human body fluid by using SSRT.  They found out that WE43 

failed in ductile feature in air because of mechanical overload whereas it showed mixed TGSCC 

and IGSCC in simulated human body fluid.  IGSCC was related to large precipitates at grain 

boundaries which caused electrochemical dissolution.  They also applied potentiostatic 

polarization in cathodic region during SSRT, then compared with SSRT at OCP condition.  The 

results showed not much difference in total strain-to-failure between cathodic bias and OCP of 

WE43, and the fracture mode was TGSCC and failure was associated with hydrogen assisted 

cracking [9]. 

 Most of the reports on SCC of Mg-RE alloys pertain to testing under SSRT.  Since the 

samples are subjected to continuous straining during the SSRT, passive film formed on the 

specimen surface may not be in a steady state and therefore it is difficult to investigate the role 

of stable passive film on SCC as suggested in Ref [6].  Under constant load conditions, SCC 

was not observed on the Mg-RE alloys (EV31A) within a reasonable time scale conducive in 

laboratory [6, 8].  In this study, SCC of EV31A, and WE43C in different heat treated conditions 

was investigated using U-bend type samples in 0.1 M NaOH with different chloride 

concentrations.  The outer surface of the U-bend sample will have a constant tensile strain and 

inner surface will be under compressive strain whose magnitude is given by the relation: 

! = 	 $
%&'$  (1) 

where ε = strain, t = thickness of sample, R = bend radius.  

Using U-bend samples, threshold stress (sSCC) level for SCC cannot be determined but 

the susceptibility of different alloy compositions and heat treatment conditions can be ranked. 

Furthermore, the fracture mode and crack initiation behavior can be investigated using U-bend 

samples.  This method is not only simple and economical (as multiple samples can be tested at 

the same time without requiring loading fixtures), but also the most severe load condition can 

be applied because large amounts of elastic and plastic strain are present [10].  Moreover, U-

bend test is the most useful tool for studying different metals in different metallurgical 

conditions in different environments [10].  The test environment was selected based on our 
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previous work on the localized corrosion susceptibility of EV31A and WE43C alloys in alkaline 

solution containing chlorides [11, 12].  The results showed that the threshold chloride required 

for passive film breakdown in 0.1 M NaOH was 80 ppm for EV31A, and 200 ppm for WE43C.  

All the tests were duplicated or triplicated in some cases in order to check reproducibility.  The 

variation in the results was within ±20%.  The best representing results, that are reproducible 

are discussed in this report. 

 

5.2 Experimental 

5.2.1 Material and Characterization 

The materials used in this investigation were Mg-Zn-Gd-Nd-Zr alloy (EV31A) and Mg-

Y-Nd alloy (Elektron 43 or WE43C) in wrought 16-mm-thick plate form.  Both Mg alloys were 

provided by Magnesium Elektron N.A. Inc.  The specimens were cut in transverse to the rolling 

direction with the dimensions as shown in Figs. 5.1(a) – (b).  They were machined close to the 

required thickness and ground to the required thickness (1.0 mm) at the last step.  The as-

received EV31A strips were solution heat-treated at 525 °C for 8 h and quenched in water at 

room temperature.  This condition is referred to as ST.  The solution treated EV31A strips were 

given two different aging treatments: 1) aging at 200 °C for 16 h, referred to as peak aging (PA), 

and 2) aging at 300 °C for 4 h which is referred to as overaging (OA).  The as-received WE43C 

strips, also was solution heat-treated at 525 °C for 8 h and quenched in water at room 

temperature, which is referred to as ST.  The WE43C-ST coupons were aged to two different 

conditions: peak aging at 200 °C for 168 h, and overaging at 300 °C for 2 h.  All samples were 

cooled in air after aging.  The strips were ground down to 1 mm thick with SiC paper up to 

1500 grit, cleaned with acetone, dried in air before bending, and cleaned with acetone and dried 

in air again after bending.  The bending was carried out in two stages following the procedure 

outline in ASTM G 30 [10] as shown in Figs. 5.2(a) – (b) with a bend radius of 10 mm.  Stainless 

steel bolts and nuts, were used to maintain the legs of the U-bend parallel to each other.  Plastic 

sheaths and washers were used for insulating the stainless steel bolts and nuts from galvanic 

coupling with the sample.  The U-shape specimens were inspected for presence of any cracks 

with 10X magnifying glass after bending prior to SCC testing, and then they were assembled 

in the electrochemical cell.  The specimens designated as “unstressed” were cut in transverse to 

the rolling direction with the dimensions of 1.6 cm ´ 2.5 cm ´ 0.3 cm.  Heat treatment and 
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cleaning procedure were the same as that of the U-bend specimens.  The unstressed specimens 

were ground with SiC paper up to 1500 grit for electrochemical measurement, and up to 1-

micron diamond suspension for microstructural observation. 

 

    
Fig. 5.1 U-bend dimensions of (a) EV31A, and (b) WE43C. 
 

     
Fig. 5.2 Two-stage bending configuration; (a) first-stage to form approximately U-shape, and (b) second-stage to form test 
stress. 
 

5.2.2 Electrochemical Tests and Environments 

The U-bend specimens of EV31A and WE43C in all heat treatment conditions were 

assembled in 400 ml beakers filled with 250 ml of test solution and covered with lids.  For the 

first 48 h, the open circuit potential (OCP) was measured by using a potentiostat (VersaSTAT 

MC, and VersaStudio software version 2.42.3 from Princeton Applied Research).  Pt wire was 

the counter electrode, KCl-saturated Ag/AgCl (199 mV vs SHE) was the reference electrode, 

and the sample was the working electrode.  After 48 h, the potentiostatic connection was 

removed from the electrochemical cell, and the OCP was measure twice a day by using a 

multimeter (Fluke Model 26III) with KCl-saturated Ag/AgCl as the reference electrode.  The 



 107 

OCP measurements continued until the samples failed.  SCC tests were carried out on the U-

bend samples by applying anodic potentials.  SCC tests in cathodic bias was carried out by 

applying a cathodic current density of -10 mA/cm2. 

 Cyclic polarization was carried out on both U-bend and unstressed samples by scanning 

the potential from 0 V vs OCP to 2.5 V vs reference electrode at scan rate of 1 mV/s.  The scan 

direction was reversed when the potential reached 2.5 VAg/AgCl or the transpassive current 

density reached 1 mA/cm2 (whichever occurred first).  The electrolytes were 0.1 M NaOH (pH 

13.5) with different chloride concentrations (80, 100, 200 ppm Cl- in the form of NaCl).  

Deionized (DI) water (resistivity 18.2 ´ 106 Ohm-cm) obtained from a water purifier (MilliPore 

Model: Milli-QPF Plus) and reagent grade chemicals were used for preparing the test solutions. 

 

5.2.3 Microstructure and Fractography 

The unstressed specimens were etched to reveal microstructure with glycol etchant 

containing 10 ml HNO3, 24 ml DI water, 75 ml ethylene glycol.  The SCC tested U-bend 

specimens were rinsed with DI water, and ultrasonic cleaned with acetone.  The optical 

microscopy was conducted by using an OLYMPUS PMG3 optical microscope, and the 

scanning electron microscopy (SEM) was conducted by using a LEO SUPRA 35VP with the 

energy-dispersive X-ray spectroscopy (EDS) detector.  Gracing angle X-ray diffraction patterns 

were obtained using a Rigaku Smartlab 3 kW with Cu kα X-ray tube operated to 40 kV and 44 

mA, where the incident angle of the X-rays was 0.5° with respect to the sample surface. 

 

5.3 Results and Discussion 

5.3.1 Microstructure 

Figs. 5.3(a) – (e) show optical microstructures of EV31A and WE43C in unstressed 

conditions.  Fig. 5.3(a) shows the as-received specimen of EV31A with fine grains and texture 

across the sample.  Grain size varied between 10 and 14 µm.  The secondary phases were 

identified as Mg12Nd, Mg3RE, and Mg41Nd5 [11].  Grain size of peak-aged specimen of EV31A 

increased after solution treatment and was in the range of 20 to 33 µm as shown in Fig. 5.3(b).  

Texture was still present, but it decreased compare to the as-received condition.  The secondary 

phase found in the peak-aged condition was b² which had nanoscale size, and could not be 

detected  by  optical  microscope [11].   This  phase  caused  peak  hardness  of  the  specimen.   
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Fig. 5.3 Optical microstructures of EV31A and WE43C in unstressed condition; (a) as-received of EV31A, (b) peak-aged of 
EV31A, (c) overaged of EV31A, (d) as-received of WE43C, and (e) peak-aged of WE43C. 
 

Microstructure of EV31A in overaged condition is shown in Fig. 5.3(c).  Grain size of OA 

samples varied between 20 and 30 µm.  The etched-dark grains were influenced by the high 

volume fraction of the cellular-type b phase (Mg3RE) [11].  Fig. 5.3(d) illustrates microstructure 
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of as-received WE43C specimen.  Fine grain size between 9 and 16 µm and texture were 

observed in this condition.  The XRD revealed the secondary phases as Mg12Nd, Mg24Y5, 

Mg41Nd5, and Mg3Gd [12].  Microstructure of WE43C in peak-aged condition (WE43C-PA) is 

shown in Fig. 5.3(e).  The grain size of the peak-aged sample was significantly larger than that 

of as-received.  The grain growth occurred during the solution treatment and the textured feature 

completely disappeared in WE43C-PA, in contrast to the microstructure of EV31A-PA. 

 

5.3.2 Open Circuit Potential (OCP) 

Figs. 5.4(a) – (b) show open circuit potential (OCP) plots of the specimens in 0.1 M 

NaOH with 80 ppm chloride concentration for the first 48 hours, and after 48 hours, 

respectively.  Table 5.1 summarized the initial, the most positive, final OCPs from the plots in 

Figs. 5.4(a) and (b), time at which crack first observed, and time to failure (that cracks 

propagated throughout the width of the specimen and total failure of sample).  From Fig. 5.4(a), 

OCP of the unstressed peak-aged specimen increased significantly from -1.64 VAg/AgCl to -1.16 

VAg/AgCl for the first 25 minutes then decreased steeply to -1.52 VAg/AgCl for the next 7 minutes.  

This increase-decrease fluctuation occurred again, then the OCP increased sharply to -0.86 

VAg/AgCl at hour 2.  After the significant fluctuations, the OCP gradually increased to -0.77 

VAg/AgCl at hour 26.  From 26 to 48 hours, the OCP fluctuated in the range of -0.79 and - 0.94 

VAg/AgCl.  Marquis and co-worker [13] observed this behavior in WE43 Mg alloy immersed in 

3.5 wt.% NaCl.  They attributed the increase in the OCP to the formation of passive film, and 

the decrease in the OCP to the passive film break-down.  The subsequent increase of OCP was 

associated with the repair of the ruptured passive film.  After recovery, the film became thicker 

[13].  Similar OCP fluctuations were reported in alkaline solutions for the Mg-Al alloys without 

chloride in unstressed samples [14].  Potential fluctuations were observed in the unstressed Mg-

RE samples in 0.1 M NaOH without chloride addition [15].  The magnitude of fluctuations was 

not affected by the addition of 80 ppm chloride. 

For the U-bend EV31A, OCP of the as-received specimen increased significantly from       

-1.39 VAg/AgCl to -0.71 VAg/AgCl, and two small bumps were present at the first 5 hours of 

exposure.  After that, the OCP was almost constant at -0.62 VAg/AgCl until 20 hours.  The OCP 

decreased sharply after 20 hours to -1.30 VAg/AgCl, and increased  steeply  again  to -0.88 VAg/AgCl  
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Fig. 5.4 Open circuit potential (OCP) plots of the specimens in 0.1 M NaOH with 80 ppm chloride concentration; (a) the first 
48 h, (b) after 48 h, and (c) OCP of EV31A as-received after cracks showed.  AR as-received, PA peak-aged, OA overaged. 
 

 

 

 



 111 

Table 5.1 Summary of the initial, the most positive, final OCPs from the plots in Fig. 5.4(a) and (b), and time to crack 
completely. 

Material Initial OCP 
(VAg/AgCl) 

Most positive OCP 
(VAg/AgCl) 

Final OCP 
(VAg/AgCl) 

Time to crack 
initiation 
(day) 

Time to crack completely 
(day) 

EV31A PA unstressed -1.62 -0.77 N/A N/A N/A 

 AR -1.39 -0.63 -1.61 9 13 

 PA -1.34 -0.59 -1.74 19 19 

 OA -1.53 -0.92 -1.42 26 38 

WE43C AR -1.43 -0.66 -1.06 N/A No crack (> 43) 

  PA -1.53 -0.59 -1.31 23 23* 

* WE43C-PA took 8 h from crack initiation to completely crack at day 23. 
 

within 3 hours.  Even though the OCP slightly increased after this point, it showed the narrow 

range of fluctuation until 48 hours.  This fluctuation could have occurred because of pits 

initiation on the sample’s arms, at the solution/air interface.  The overaged specimen spent more 

time to form a thicker passive layer compared to the as-received sample.  From Fig. 5.4(a), OCP 

of the overaged specimen increased from -1.53 to -1.05 VAg/AgCl, during the first 3 hours and 

then decreased steeply to -1.43 VAg/AgCl.  When the passive film repaired, the OCP moved 

upward to -0.92 VAg/AgCl, and fluctuated as shown in Fig. 5.4(a).  The fluctuations could possibly 

be attributed to initiation of pitting at the solution/air interface on the arms (unstressed part) of 

the U-bend sample.  No pits were observed on the bent (strained) region.  The OA samples 

showed the most active OCP values among the samples tested.  Interestingly, peak-aged 

specimens of EV31A, WE43C in as-received and peak-aged conditions showed similar OCP 

profile without significant fluctuation.  The OCP of EV31A in peak-aged condition increased 

significantly from -1.34 to -0.6 VAg/AgCl and was constant for 9 hours.  The OCP gradually 

decreased to -0.77 VAg/AgCl when it reached 48 hours.  The increase of OCP in WE43C as-

received sample at the initial stage is quite low compared to the OCP of both EV31A and 

WE43C in peak-aged conditions.  The OCP of WE43C as-received specimen moved in positive 

direction from -1.43 VAg/AgCl to -1.20 VAg/AgCl, then slightly increased to -1.07 VAg/AgCl at hour 

20.  From this point to hour 48, the OCP profile showed fluctuations due to pitting corrosion at 

the arms of the sample at the solution/air interface.  For the peak-aged WE43C, the OCP 

increased significantly from -1.53 VAg/AgCl to -0.79 VAg/AgCl for the first 3 hours of exposure.  

Then the OCP gradually increased to -0.61 VAg/AgCl for the next 11 hours, and was almost 

constant until hour 48. 
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Fig. 5.4(b) shows the OCP vs time plots recorded at every 12 hours during the SCC tests 

of U-bend samples after initial 48-h continuous recording.  EV31A as-received specimen 

showed that the OCP fluctuated in the range of -1.30 VAg/AgCl and -0.7 VAg/AgCl for 3 days (day 

5 of total exposure).  Then the OCP decreased significantly for the next 3 days before the OCP 

became constant to -1.6 VAg/AgCl.  At the constant potential region, many small cracks were 

observed with the average crack length of 3.5 mm.  After 12 hours, the average crack length 

became 6.1 mm, which showed a crack growth rate of ~ 6 ´ 10-8 m/s.  This crack velocity was 

similar to the order of magnitude (2.2 ´ 10-8 m/s) reported for the case of galvanically induced 

crack growth by Atrens’ group [16].  At this stage, the OCP was recorded continuously using a 

potentiostat.  The plot of OCP is shown in Fig. 5.4(c).  A saw-tooth like potential fluctuations 

were observed at the crack propagation stage.  Each fluctuation wave could possibly be 

associated with crack increment.  The width of each fluctuation peak varied between 10 and 15 

minutes, and the height of the peak varied between 0.9 and 1.5 mV.  The width and amplitude 

of the potential fluctuations were consistent which implied that each fluctuation could 

correspond to a constant magnitude of crack increment.  The potential decreased continuously 

during the final crack growth stage.  The EV31A as-received sample completely cracked in 13 

days of exposure to the 80 ppm chloride solution as summarized in Table 5.1.  A second 

specimen cracked in 14 days.  The OCP profile of EV31A peak-aged specimen showed similar 

characteristic to the as-received specimen.  The fluctuation of OCP for the first 2 days (day 4 

of total exposure) was between -0.95 and -0.68 VAg/AgCl.  The OCP moved downward (more 

negative direction) from -0.68 VAg/AgCl to -1.60 VAg/AgCl within 3 days, then the OCP was 

constant and cracks were observed.  Before the specimen completely cracked, the OCP 

decreased from -1.61 to -1.74 VAg/AgCl.  The peak-aged specimen of EV31A cracked in 19 days 

of exposure, while the second specimen cracked in 16 days.  The EV31A overaged specimen 

showed extreme fluctuation of OCP (-1.33 to -0.58 VAg/AgCl) during the first 2 days, and became 

almost constant at -0.6 VAg/AgCl for 11 days.  The OCP then fluctuated in negative direction to  

-1.42 VAg/AgCl and stayed constant until cracks propagated throughout the width of the specimen 

at day 38.  For the WE43C as-received specimen, the OCP showed periodic extreme and regular 

fluctuations after 48 hours of exposure.  The negative and positive OCPs after 48 hours 

fluctuated in the range of -1.32 and -0.66 VAg/AgCl.  The fluctuations could be attributed to the 

corrosion on the arms of the specimen above the aqueous solution whereas the U-bend area 
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under the solution did not show any evidence of pitting corrosion or cracks due to SCC.  The 

specimen did not show stress corrosion crack initiation for more than 43 days and the 

experiment was terminated after 43 days of exposure.  The peak-aged specimen of WE43C 

showed the OCP plot more or less similar to that of EV31A specimen in overaged condition.  

However, the OCP showed more number of fluctuations in the range of -0.86 and -0.59 VAg/AgCl 

instead of a plateau profile as observed in the overaged specimen of EV31A.  The WE43C in 

peak-aged condition cracked into 2 pieces in 23 days.  The second sample failed in 25.5 days.  

The crack growth rate of the two WE43C peak-aged specimens approximated 5.56 ´ 10-7 m/s 

(~8 h from crack initiation to completely crack). 

In terms of crack initiation and crack propagation, it could be seen from Table 5.1 that 

EV31A in overaged condition had the longest time for crack initiation and crack propagation 

which were 26 and 38 days, respectively.  Even though the peak-aged specimens of both EV31A 

and WE43C had longer time for crack initiation than EV31A as-received specimen, crack 

propagation rates were much faster than that of EV31A as-received condition.  Crack growth 

rate depends on heat treatment conditions which are related to mechanical properties such as 

hardness.  Higher the hardness [11, 12] the faster was the crack growth rate.  

Figs. 5.5(a) and (b) show OCP plots of the EV31A specimens in as-received condition 

in 0.1 M NaOH with different chloride concentrations for the first 48 hours, and after 48 hours, 

respectively.  In 100 ppm Cl- solution, two small fluctuations due to formation-breakdown-

repair of passive film were present on the plot with the -1.49 VAg/AgCl of initial OCP.  At the 

third time of repassivation, the OCP was constant for around 1.5 hours, increased again to -0.48 

VAg/AgCl, and was almost constant at that potential.  The specimen immersed in 200 ppm Cl- 

solution passivated continuously as the potential increased from -1.51 VAg/AgCl to -0.81 VAg/AgCl 

within 3 hours, and the OCP fluctuated for approximately 2.5 hours.  The OCP then plunged to 

-1.39 VAg/AgCl, and moved upward again to -0.72 VAg/AgCl.  After that potential recovery, the 

OCP fluctuated in a narrow range and gradually decreased.  After 40 hours, the fluctuation of 

OCP was in a higher amplitude than that observed in the earlier period.  At the end of 48 hour 

exposure, localized corrosion at the solution/air interface was significant at the arms of the 

specimen.  After 48 hours of the measurement by potentiostat, the OCP was recorded manually 

of the specimens in 80, 100, 200 ppm Cl- electrolyte are shown in Fig. 5.5(b).  The OCP of the 

sample in the 100 ppm Cl- solution fluctuated for the whole period of the experiment.  Even 
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though the OCP of the sample in the 200 ppm Cl- solution did not significantly fluctuate for the 

whole period of the experiment as in 100 ppm Cl-, localized corrosion was observed on the arms 

of the specimen at the solution/air interface line.  Interestingly, the as-received of EV31A 

specimens in 100 and 200 ppm Cl- solution did not show any cracks at the bent (strained) 

regions of the U-bend sample which were immersed deep in the solution. 

Figs. 5.5(c) and (d) show OCP plots of the WE43C specimens in as-received condition 

in 0.1 M NaOH with different chloride concentrations for the first 48 hours, and after 48 hours, 

respectively.  From Fig. 5.5(c), the OCP of the specimen in 100 ppm Cl- showed the fluctuation 

pattern due to formation-breakdown-repair of passive film without the fluctuation caused by 

localized corrosion.  Three and a half loops of fluctuations could be observed during the first 

48 hours.  When chloride concentration was increased to 200 ppm, the fluctuation of OCP due 

to localized corrosion could be observed after 5 hours of exposure while the fluctuation for the 

first 5 hours could be attributed to formation-breakdown-repair of passive film.  After 48 hours, 

the OCP fluctuations of the specimens in 100 and 200 ppm Cl- showed featureless pattern.  

Interestingly, WE43C in as-received condition in 100 and 200 ppm Cl- showed similar 

resistance to SCC to the specimen in 80 ppm Cl- as discussed early. 

From the OCP profile, it could be noticed that the OCP of the specimens, which failed 

by SCC, decreased when cracks initiated and propagated.  On the other hand, the OCP of the 

specimens which were susceptible to localized corrosion without SCC showed the fluctuating 

behavior without the monotonously decreasing trend.  This observation could be applied to in-

service monitoring of components. 
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Fig. 5.5 OCP plots of the specimens in as-received condition in 0.1 M NaOH with different chloride concentrations; (a) EV31A 
at the first 48 h, (b) EV31A after 48 h, (c) WE43C at the first 48 h, and (d) WE43C after 48 h. 
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Fig. 5.6 Optical micrograph; (a) EV31A overaged, and (b) WE43C peak-aged. 
 

5.3.3 Fractography at OCP 

Figs. 5.6(a) – (b) show optical micrographs of EV31A in overaged condition and 

WE43C peak-aged condition, respectively.  From Fig. 5.6(a), it could be seen that there were 

cracks initiated at pits.  It is not clear from the micrograph that if cracks propagated along grain 

boundaries.  However, cracks on the area around localized corrosion were observed as 

intergranular.  Cracks also initiated at the localized corrosion and propagated along grain 

boundaries in WE43C peak-aged specimen (Fig. 5.6(b)).  Our earlier work on localized 

corrosion of EV31A [11] and WE43C [12] in different heat treatment conditions exposed to 

500 ppm Cl- + 0.1 M NaOH showed that pit initiation occurred within spherical secondary 

phase particles, that were enriched in Zr.  The localized corrosion observed on the U-bend 

specimens could also be attributed to the preferential dissolution of secondary particles.  The 

intergranular cracking observed on the samples indicated possible SCC mechanism could be 

due to anodic dissolution of regions adjacent to the secondary phases [3].  Figs. 5.7(a) – (g) 

show features of the fractured surface of EV31A in as-received condition.  Fig. 5.7(a) shows 

the fractured surface at a low magnification where four different morphologies are seen in each 

segment with dimensions around 145, 525, 55, and 100 μm across the thickness of the specimen.  

Fig. 5.7(b) shows the magnified view of outer fiber region (top 145 μm deep).  Secondary cracks 

are seen on the surface that was covered with a layer of corrosion product.  The second region 

showed transgranular crack growth due to SCC with the localized secondary cracks as shown 

in Fig. 5.7(c).  The length of this region was around 525 µm.  The third region was 

predominantly ductile with dimples and decohesion of secondary particles (Fig. 5.7(d)).  This 
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region showed crack growth mainly by mechanical stress because around 3/4 of the cross-

sectional area was already affected by SCC.  This part was around 55 µm long.  The mechanical 

fracture in the third part could lead to featureless smooth fracture surface which was the 

characteristic of the last part as shown in Fig. 5.7(e).  Plastic deformation was also observed on 

the smooth surface.  This area was around 100 µm long.  Fig. 5.7(f) shows planar view of the 

outer surface of the U-bend sample that reveals mixed mode (primary intergranular cracks along 

with transgranular secondary cracks) cracking morphology.  The outer surface was covered 

with Mg(OH)2 film as seen in Fig. 5.7(g) at high magnification, and secondary cracks due to 

SCC could be seen. 
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Fig. 5.7 Fracture feature of EV31A in as-received condition; (a) cross sectional view showed 4 different fracture features,          
(b) top section of (a), (c) second section of (a), (d) third section of (a), (e) bottom section of (a), (f) top view of tension side 
surface, and (g) passive film on the surface in (f).  Noted that the length of each section in Fig. 5.7a was not the actual length, 
but it could be close to the actual length.  The measurement gives an idea of the proportion of each fracture feature. 
 

Figs. 5.8(a) – (d) show fracture feature of EV31A in peak-aged condition.  The fracture 

showed both transgranular and intergranular modes, and secondary cracks were also observed 

as seen in Fig. 5.8(a).  Attack on specific crystallographic planes that resembled transgranular 

morphology could be seen in Fig. 5.8(b) (marked by arrow).  Figs. 5.8(c) – (d) show top view 

of the tension side surface.  The characteristic of fracture was similar to the EV31A as-received 

specimen.  The fracture morphology indicated that the SCC mechanism could be associated 

with film rupture – dissolution as the major cause of cracking and the cracking at specific 

crystallographic planes indicated possible hydrogen adsorption on certain planes that decreased 

the surface energy [17]. 

Figs. 5.9(a) – (b) show crack propagation on outer (tensile) surface of the EV31A 

overaged U-bend sample.  The flake morphology of Mg(OH)2 formed on the surface of the 

overaged (Fig. 5.9(a)) specimen appeared to be less dense than that observed on the as-received 

specimen.  However, the overall thickness of the surface layer was significantly higher than that 
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formed on the other heat treated conditions.  The thick surface layer formed on the overaged 

specimen could be attributed to the longer incubation time required for crack initiation than that 

required for the as-received specimen.  The first crack of the as-received specimen was observed 

on day 9 with crack length of 3.5 mm, while for the overaged specimen a 2 mm long of crack 

was observed on day 26.  Fig. 5.9(b) shows significant dissolution of the fracture surface and 

deposition of corrosion products.  The time taken for crack growth was significantly long during 

which time the cracked surfaces were exposed to the test solution and allowing the corrosion 

products to re-precipitate.  It was noticed that even though crack propagated throughout the 

width of the U-bend specimen, the specimen did not crack into 2 pieces.  In addition, primary 

crack on the compressive surface was present at the center around 1/3 of the surface width. 

 

     

     
Fig. 5.8 Fracture feature of EV31A in peak-aged condition; (a) transgranular and intergranular mode, and secondary cracks, 
(b) specific crystallographic planes attack (marked by arrow), (c) top view of tension side surface, and (d) passive film on the 
surface in (c). 
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Fig. 5.9 Crack propagation on top of the tension side surface of the EV31A overaged sample; (a) passive film on crack surface, 
and (b) crack surface at low magnification. 
 

Figs. 5.10(a) – (e) show fractograph of WE43C in peak-aged condition.  The cross-

sectional fracture surface had two different fractographic features as seen in Fig. 5.10(a).  The 

upper section which was the tension side of the U-bend showed predominantly intergranular 

with preferential attack on specific crystallographic planes as seen in Fig. 5.10(b).  Some of the 

fracture planes appeared featureless, possibly indicating {0001} basal planes as cleavage planes 

where cracks propagated.  Adjacent to those cleavage planes, fine parallel crystallographic 

planes running almost perpendicular to the basal planes could be observed as seen in Fig. 

5.10(b).  These planes could be {10-1X} fluted planes similar to that reported by Trevena and 

Lynch [18].  The deposition of corrosion product could be observed on the fractured surface 

beneath the outer fiber.  Minor cracks were observed running perpendicular to the primary crack 

growth direction as shown in Fig. 5.10(c).  Fig. 5.10(d) shows predominantly transgranular 

mode at the region closer to the original neutral axis of the U-bend specimen, and smooth 

fracture surface with local plastic deformation was observed at the final fracture surface where 

mechanical overload played a significant role.  Fig. 5.10(e) shows the crack initiation sites on 

the top surface of the outer fiber of the U-bend specimen.  The crack initiation occurred at the 

intersection of pit and dislocations emerging from slip steps indicated by an arrow.  Overall, 

SCC of the peak-aged WE43C specimen at open circuit potential in alkaline chloride solution 

occurred in two stages viz., stage 1: crack initiation which was controlled by the film rupture 

and dissolution at the slip steps; and stage 2: crack propagation which occurred by reduction in 

cohesive strength of crystallographic planes by hydrogen adsorption. 
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Fig. 5.10 Fractures of WE43C in peak-aged condition; (a) two different fracture features, (b) upper section, (c) shallow level 
under tension surface, (d) lower section, and (e) crack propagation at the edge of slip step region.  Noted that the length of each 
section in Fig. 5.10a was not the actual length, but it could be close to the actual length.  The measurement gives an idea of the 
proportion of each fracture feature. 
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5.3.4 Cyclic Polarization 

In order to understand the relation between the stability of passive layer and the SCC 

susceptibility, cyclic polarization was carried out on the U-bend specimens and the results were 

compared with the polarization behavior of the unstressed coupons.  Figs. 5.11(a) – (b) show 

cyclic polarization plots of EV31A as-received and WE43C peak-aged specimens with and 

without applied stress in 80 ppm Cl- + 0.1 M NaOH solution.  Table 5.2 summarizes cyclic 

polarization results from Figs. 5.11(a) – (b).  From Fig. 5.11(a), it can be seen that transpassive 

potential and pitting protection potential of the unstressed EV31A as-received specimen were 

higher than that of the stressed specimen.  The passive current density of the unstressed 

specimen was two decades lower than the stressed specimen.  The polarization results indicated 

that the passive film of the unstressed specimen was more protective and stable than the passive 

film of stressed specimen.  It could be observed from Figs. 5.4(a) and 5.11(a) that after passive 

film broke down the specimen tried to repassivate, but the film was not able to recover which 

lead to initiation of pits.  When the OCPs of EV31A as-received specimen from Figs. 5.4(a) 

and (b) were superimposed on Fig. 5.11(a), the highest OCP value recorded was in the passive 

range just negative to the pitting protection potential of the U-bend specimen; whereas the 

potential recorded during the crack growth period was in the cathodic region of the cyclic 

polarization plots.  The transpassive potential and pitting protection potential of WE43C peak-

aged specimens with and without applied stress were similar to each other, but the unstressed 

specimen showed lower passive current density.  The passivation behavior from cyclic 

polarization plot correlated with the plot of OCP in Fig. 5.4(a).  When the OCPs from Figs. 

5.4(a) and (b) were superimposed on Fig. 5.11(b), they were at the anodic region, while the 

potential recorded during the crack growth stage coincided with the Flade potential of the 

stressed sample. 

 
Table 5.2 Cyclic polarization results from Fig. 5.11(a) – (b). 

Material ETranspassive 
(VAg/AgCl) 

EProt 
(VAg/AgCl) 

Passive current density 
(µA/cm2) 

EV31A unstressed 1.64 1.27 2.50 

 stressed 0.73 -0.34 56.46 

WE43C unstressed 1.59 1.35 3.97 

  stressed 1.57 1.52 16.66 
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Fig. 5.11 Cyclic polarization plots of the specimens with and without applied stress in 80 ppm Cl- + 0.1 M NaOH solution;    
(a) EV31A as-received, and (b) WE43C peak-aged. 
 

5.3.5 Failure at SCC Susceptible Zones 

Fig. 5.12 illustrates the schematic polarization curve showing SCC susceptible zones 

and hydrogen induced cracking (HIC) zone [19].  At the zone 1, passive film breaks down and 

causes pit initiation, that acts as precursor for SCC initiation.  At the zone 2, passive film is in 

the initial stage of forming and the passive film is in metastable condition due to the transition 

from active to passive region.  The passive film is not stable in both zone 1 and 2 and therefore 

the material is more susceptible to SCC.  At the HIC zone, hydrogen evolution reaction (HER) 

occurs, that caused hydrogen damage on the material [20]. 

 In order to understand if the metastable state of the passivation behavior of Mg-RE 

alloys leads to SCC, potentials within the transition zones were applied to the U-bend specimens 

and the SCC behavior was investigated.  Fig. 5.13 shows images of post tested EV31A samples 

in different heat treatment conditions and different bias potentials in 0.1 M NaOH solution with 

80 ppm Cl-.  Fig. 5.13(a) shows the failure of EV31A in peak-aged condition which was applied 

1.6 VAg/AgCl (transpassive potential).   EV31A peak-aged  sample  failed  by  localized  corrosion 

of the arms of U-bend specimen at the air/solution interface.  There was no evidence of cracking 

at the strained region of the U-bend specimen.  Therefore, it is shown that application of 

potential associated with zone 1 resulted in localized corrosion but not SCC.  When the applied 

potential was -0.2 VAg/AgCl (passive region, zone 2), EV31A peak-aged specimen showed 

uniform corrosion of the curved area, as seen in Fig. 5.13(b).  Severe pitting corrosion occurred 

at the U-curve of the EV31A as-received specimen when the applied potential was -1.0 VAg/AgCl 
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Fig. 5.12 The schematic polarization curve showing SCC susceptible zone and hydrogen induced cracking (HIC) zone. 
 

(potential in zone 2), as seen in Fig. 5.13(c).  When the applied potential was in the cathodic 

region, the failure time increased as compared to the open circuit condition. The EV31A as-

received specimen was conditioned under galvanostatic condition at a current density of -10 

mA/cm2 that evolved hydrogen on the U-bend specimen surface.  No crack initiation was 

observed even after 340 hours under the cathodically polarized hydrogen evolution condition.  

Fig. 5.13(d) shows the specimen surface after the galvanostatic cathodic polarization after 340 

hours.  The edges of the specimen were observed to be attacked possibly due to dissolution of 

MgH2 phases that formed during the cathodic polarization.  The formation of MgH2 was 

confirmed by the XRD analysis as shown in Fig. 5.14.  MgH2 peaks were present on both 

tension side and compressive side of the specimen.  Formation of the MgH2 phase did not result 

in crack initiation on the specimen.  Fig. 5.13(e) shows the cross-sectional area of WE43C peak-

aged sample after SCC at the applied potential of 1.6 VAg/AgCl (transpassive potential, zone 1).  

Application of high anodic potential caused accelerated SCC failure compared to the OCP 

condition.  It could be seen that the sample failed in mixed mode.  However, each fracture mode 

was uniformly distributed throughout the cross section.  It was different from the samples failed 

by SCC at OCP (Figs. 5.7(a), and 5.10(a)) which had quite clear zones of separate intergranular 

and transgranular fracture modes.  From Fig. 5.13(f), attack on specific crystallographic planes 

that resembled transgranular were present next to the intergranular fracture.  In addition, the 

evidence of corrosion attack on the cracked region could be seen.  Fig. 5.13(g) revealed 

transgranular fracture mode with the decohesion of precipitates. 
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Fig. 5.13 EV31A sample in different heat treatment conditions which were applied the potential and current in different regions 
from Fig. 5.11 (unstressed plot) in 0.1 M NaOH solution with 80 ppm Cl-; (a) EV31A peak-aged (Eapp = 1.6 VAg/AgCl: 
transpassive potential), (b) EV31A peak-aged (Eapp = -0.2 VAg/AgCl: passive region), (c) EV31A as-received (Eapp = -1.0 VAg/AgCl: 
active/passive region), (d) EV31A as-received (iapp = -10 mA/cm2: galvanostatic condition at hydrogen charge region),               
(e) cross-sectional view of WE43C peak-aged (Eapp = 1.6 VAg/AgCl: transpassive potential), (f) mixed mode of fracture of WE43C 
peak-aged, and (g) transgranular mode of WE43C peak-aged. 
 

Mg-RE alloys failed by SCC in the open circuit condition and applied anodic potentials, 

in general.  Cathodic polarization resulted in formation of MgH2 but prevented SCC initiation. 

EV31A showed mostly localized corrosion under applied anodic potentials, whereas WE43C-

PA specimen showed mixed mode cracking under anodic potential in the transpassive region. 

These SCC results indicated that both film rupture and hydrogen adsorption were responsible 

for SCC.  Corrosion layers were observed on the fracture surfaces.  In order to understand the 

effect of passive layer on the hydrogen evolution, cathodic polarization was carried out on the 
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unstressed Mg-RE alloy coupons that were covered with surface layers.  Initially the samples 

were conditioned at the open circuit condition in 0.1 M NaOH solution for 48 hours.  A thick 

passive layer formed on the specimen surfaces during this OCP conditioning period.  These 

samples were potentiostatically passivated at 0.5 VAg/AgCl for 1 hour.  Potentiodynamic 

polarization was carried out on these surface film covered specimens from OCP to -0.5 VAg/AgCl 

vs OCP (~ -2.0 VAg/AgCl vs reference) at a scan rate of 1 mV/s.  Exchange current density for 

hydrogen evolution, and Tafel slope of the hydrogen evolution reaction (HER) were determined 

from the cathodic polarization plots and summarized in Table 5.3.  For comparison, the results 

of cathodic polarization of freshly polished specimens are also included.  The results indicated 

that presence of Mg(OH)2 layer helped increase the exchange current density for the HER.  

Enhanced hydrogen evolution on the hydroxide covered magnesium was reported by other 

researchers [21, 22].  However, the Tafel slopes were higher on the surface oxide covered 

specimens than the Tafel slopes of freshly polished specimens.  Figs. 5.15(a) – (d) shows the 

SEM images of the specimens after cathodic polarization.  EV31A in as-received and peak-

aged conditions showed significant amount of surface crack initiation on the surface film after 

cathodic polarization as seen in Figs. 5.15(a) and (b), while EV31A overaged and WE43C peak-

aged specimens did not have cracks on the surface (Figs. 5.15(c) – (d)).  The cracking tendency 

of the surface film of EV31A could not be related to the HER electrochemical parameters.  The 

blisters present on the surface film would help hydrogen diffuse into the bulk of the specimen.  

Otherwise, in the presence of a surface layer, the diffusion of hydrogen into the specimen 

thickness would be slower because atomic hydrogen cannot diffuse through Mg(OH)2 and 

diffusion will be in the form of H+ [23]. 

 

   
Fig. 5.14 XRD patterns of EV31A as-received specimen under galvanostatic condition at hydrogen charge region (applied 
current = -10 mA/cm2); (a) tension side, and (b) compression side. 
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Table 5.3 Summary of the cathodic polarization results of the unstressed specimens. 
Sample   Freshly polished specimen surface Surface covered with passive layer 

  Tafel slope Exchange current density Tafel slope Exchange current density 

  V/dec for hydrogen evolution, i0 V/dec for hydrogen evolution, i0 

      A/cm2   A/cm2 

EV31A AR -0.14 1.3�10-11 -0.27 5.5�10-9 

 PA -0.29 5.0�10-8 -0.24 1.2�10-8 

 OA -0.17 5.5�10-10 -0.24 2.5�10-8 

WE43C PA -0.24 2.3�10-8 -0.28 3.0�10-8 

 

The accelerated failure of WE43C peak-aged specimen at a high anodic potential of 1.6 

VAg/AgCl, and longer failure time or no failure at cathodic potentials of EV31A peak-aged 

specimens suggest that the SCC of Mg-RE alloys is determined by the stability of the surface 

layer of the alloys.  Therefore, film rupture and dissolution could be the crack initiation 

mechanism.  Once cracks initiated, the crack propagation was assisted by the hydrogen 

adsorption which reduced the surface energy of the crystallographic planes.  Table 5.4 

summarizes failure modes and time to failure of all specimens in the experiment. 

 
Table 5.4 Summary of failure mode and time to failure of the specimens. 

Material Chloride conc. 
(ppm) 

Electrochemical 
condition 

Failure mode Time to failure 
(day) 

EV31A AR 80 OCP TGSCC/IGSCC 13 

 PA 80 OCP TGSCC/IGSCC 19 

 OA 80 OCP TGSCC/IGSCC 38 

 AR 100 OCP Pitting > 20 (No crack) 

 AR 200 OCP Pitting > 20 (No crack) 

 PA 80 Eapp = 1.6 VAg/AgCl Pitting 3 

 PA 80 Eapp = -0.2 VAg/AgCl Uniform > 14 (No crack) 

 AR 80 Eapp = -1.0 VAg/AgCl Pitting > 14 (No crack) 

 AR 80 iapp = -10 mA/cm2 Hydrogen damage > 14 (No crack) 

WE43C AR 80 OCP Pitting > 43 (No crack) 

 PA 80 OCP TGSCC/IGSCC 23 

 AR 100 OCP Pitting > 40 (No crack) 

 AR 200 OCP Pitting > 40 (No crack) 

 PA 80 Eapp = 1.6 VAg/AgCl TGSCC/IGSCC 1 
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Fig. 5.15 SEM images of the unstressed specimens which were measured OCP for 48 h, followed by passivation for 1 h, and 
cathodic polarization in 0.1 M NaOH solution without chloride; (a) EV31A as-received, (b) EV31A peak-aged, (c) EV31A 
overaged, and (d) WE43C peak-aged. 
 

5.4. Conclusions 

SCC tests were carried out on the U-bend specimens of EV31A and WE43C specimens 

in 0.1 M NaOH solution with 80, 100, and 200 ppm Cl- at room temperature under OCP and 

applied potentials.  Based on the test results, the following conclusions can be drawn:  

1. EV31A alloy in as-received and peak-aged conditions, and WE43C in peak-aged condition 

were susceptible to SCC in open circuit condition.  Crack initiation of EV31A and WE43C in 

peak-aged condition started at localized corrosion site by anodic dissolution mechanism.  In 

addition, cracks were present at the slip step region for WE43C. 

2. SCC fracture of EV31A and WE43C revealed both intergranular and transgranular crack 

propagation.   

3. Increasing chloride concentration did not increase susceptibility to SCC.  On the other hand, 

the alloys were susceptible to localized corrosion. 
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4. Applied anodic potential in the metastable passive regions caused localized corrosion of 

EV31A specimens, and applied potential of 1.6 VAg/AgCl caused accelerated SCC failure of 

WE43C peak-aged sample. 

5. OCPs of EV31A and WE43C decreased when cracks initiated, and propagated.  The OCP –

time profile can be used for monitoring the SCC failure of Mg-RE alloy components in real life 

service conditions. 

6. Overaged condition had the highest SCC resistance. 
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