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ABSTRACT 

Combining high specific strength and unique electrochemical properties, magnesium (Mg) 

alloys are promising lightweight materials for various applications from automotive, consumer 

electronics, biomedical body implant, to battery electrodes. Engineering solutions such as coatings 

have enabled the use of Mg alloys, despite their intrinsic low corrosion resistance. Consequently, 

the fundamental mechanisms responsible for the unique localized corrosion behavior of bare Mg 

alloys, the associated abnormal hydrogen evolution response, and the relationships between 

corrosion behavior and alloy microstructure are still unsolved. 

This thesis aims to uncover the specificities of Mg corrosion and the roles of alloy 

chemistry and microstructure. To this end, multiscale site-specific microstructure characterization 

techniques, including in situ optical microscopy, scanning electron microscopy with focused ion 

beam milling, and transmission electron microscopy, combined with electrochemical analysis and 

hydrogen evolution rate monitoring, were performed on pure Mg and selected Mg alloys under 

free corrosion and anodic polarization, revealing key new information on the propagation mode of 

localized corrosion and the role of alloy microstructures, thereby confirming or disproving the 

validity of previously proposed corrosion models. 

Uniform surface corrosion film on Mg alloys immersed in NaCl solution consisted a bi-

layered structure, with a porous Mg(OH)2 outer layer on top of a MgO inner layer. Presence of 

fine scale precipitates in Mg alloys interacted with the corrosion reaction front, reducing the 
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corrosion rate and surface corrosion film thickness. Protruding hemispherical dome-like corrosion 

products, accompanied by growing hydrogen bubbles, formed on top of the impurity particles in 

Mg alloys by deposition of Mg(OH)2 via a microgalvanic effect. Localized corrosion on Mg alloys 

under both free immersion and anodic polarization was found to be governed by a common 

mechanism, with the corrosion front propagating laterally a few μm inside the alloy and underneath 

the surface corrosion film, with finger-like features aligned with (0001) Mg basal planes at the 

localized corrosion/alloy interface. Rising streams of hydrogen bubbles were found to follow the 

anodic dissolution of Mg and formation of Mg(OH)2 corrosion products at the propagating 

localized corrosion fronts. Alloying elements segregation to the grain boundaries showed the 

ability to stop localized corrosion propagation momentarily. 

By revealing the microstructure of corrosion features on Mg alloys, a descriptive model 

was proposed. Relationships between the corrosion behavior and alloy microstructures were also 

identified. This microscopic information can serve as a guideline for future development of Mg 

alloys by tailoring the microstructure to achieve proper corrosion responses for applications under 

different environments. 
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INTRODUCTION 

Magnesium (Mg) alloys are one of the most promising lightweight materials for future 

automotive, consumer electronics, and biomedical applications. However, the mechanisms 

controlling the corrosion and electrochemical responses of Mg alloys in aqueous solutions, and the 

relationship with alloy microstructures are not fully understood. This knowledge gap significantly 

limits the possibility of designing alloys and formulating strategies to control the corrosion 

responses for applications under different environments. 

Localized corrosion, accompanied by rising streams of hydrogen bubbles, is the dominant 

form of corrosion occurs on Mg alloys in chloride ions (Cl-) containing aqueous solutions. This 

form of corrosion can lead to extraordinary fast corrosion rate and structural failure. The origin 

and mechanisms of localized corrosion are still unknown and under active investigations. Most if 

not all studies focusing on Mg corrosion limited to surface observations, translating into very little 

known about the initiation and propagation of localized corrosion, and the relationship with alloy 

chemistry and microstructure. 

To address these knowledge gaps, this thesis focused on the corrosion behavior of pure Mg 

and selected Mg alloys to investigate the morphology and chemistry of corrosion features, and 

their relationship with hydrogen evolution response and alloy microstructures. The experimental 

work relied on multiscale microstructure characterization, using in situ optical microscopy (OM), 

scanning electron microscopy (SEM) with focused ion beam (FIB) milling, and transmission 
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electron microscopy (TEM). This work revealed the detailed chemistry, structure, and morphology 

of corrosion features formed on pure Mg and different Mg alloys for the first time. Different 

exposures to aqueous solutions testing the effect of chloride ions and anodic polarization were 

considered. In addition, interactions between alloy microstructure, in particular second phases and 

grain structure, and corrosion propagation were also discovered. 

Chapter 1 provides a review of our current understanding of corrosion behavior and 

mechanism of pure Mg and Mg alloys in aqueous solutions. In Chapter 2, the corrosion behavior 

was first studied on a Mg-Y-Nd-Zr alloy that does not exhibit localized corrosion, to understand 

the development of surface corrosion film and the general effect of second phase particles. 

Chapter 3 focuses on anodic polarization controlled localized corrosion and associated hydrogen 

evolution response on the same Mg-Y-Nd-Zr alloy to understand the microstructural specificities 

of localized corrosion. Chapter 4 expands the localized corrosion study to three Mg alloys with 

different chemistries and alloy microstructures under both free immersion and anodic polarization 

conditions. The similarity between the characteristics of corrosion features under different test 

conditions confirmed that localized corrosion on Mg alloys is controlled by a common mechanism 

irrespective of alloy chemistry or microstructure. Nonetheless, a strong dependence of localized 

corrosion propagation on the alloy grain structure and grain boundary chemistry was revealed. 

Finally, Chapter 5 summarizes the findings by proposing a corrosion model for Mg alloys and 

provides suggestions for future investigations. 
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CHAPTER 1: 

Corrosion Behavior and Mechanism of Pure Mg and Mg Alloys: Literature Review 

 

1.1 Mg Alloys: with Great Potentials Comes Great Problems 

Combining low density and high specific strength, Mg alloys are promising lightweight 

materials for aerospace, automobile, and consumer electronics applications [1-3]. The 

biocompatibility and biodegradability of Mg also make them suitable for body implants for 

medical treatments, which avoids subsequent removal surgeries [4, 5]. In addition, the high 

reactivity and unique electrochemical properties make them candidates as next-generation battery 

electrodes [6] and hydrogen generation materials [7]. 

Even though the corrosion behavior and electrochemical response of pure Mg and Mg 

alloys have been studied for decades, significant ambiguities and unanswered questions regarding 

the corrosion mechanisms need further investigations [8]. A particular phenomenon that still 

puzzles the Mg corrosion community is the so-called “negative different effect (NDE)” [9], which 

labels the increase in hydrogen evolution rate with increasing anodic polarization [8, 9], and the 

related localized corrosion behavior [10]. This phenomenon not only accelerates the corrosion rate 

of Mg alloys under anodic polarization [11], but also leads to possible structural failure by 

localized corrosion [12]. The roles of alloy microstructure on the corrosion behavior is also not 

fully understood. The lack of fundamental understandings about the corrosion mechanism and 
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alloy microstructure effects greatly limits the development of Mg alloys with better corrosion 

performance or proper electrochemical responses for applications under different environments. 

 

1.2 Corrosion Behavior and Mechanism of Mg 

1.2.1 Corrosion Reactions and Features on Mg 

Mg is one of the most active elements among all structural alloys, with a standard electrode 

potential of -2.37 V vs standard hydrogen electrode (SHE) [11, 13].  The overall dissolution 

reaction of Mg in aqueous solutions can be written as [11, 14]: 

Mg + 2H2O → Mg2+ + 2OH− + H2  (1.1) 

This reaction can be decomposed to the anodic and cathodic parts: 

Mg → Mg2+ + 2e− (anodic reaction)  (1.2) 

2H2O + 2e− → H2 + 2OH− (cathodic reaction)  (1.3) 

From the cathodic reaction (reaction 1.3), the dissolution of Mg in aqueous solution is 

accompanied by the production of hydroxide ion (OH-), which increases the pH value of the 

solution. According to the Pourbaix diagram of Mg [15] (Fig. 1.1), the increase in pH value moves 

the equilibrium condition of Mg into the magnesium hydroxide (Mg(OH)2) passivation region, 

resulting in the formation of a Mg(OH)2 layer on the Mg surface, which can be described by: 

Mg2+ + 2OH− → Mg(OH)2 (precipitation reaction)  (1.4) 

Therefore, the overall reaction can be rewritten as: 

Mg + 2H2O → Mg(OH)2 + H2 (1.5) 
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Figure 1.1 Pourbaix (E-pH) diagram of Mg (reproduced from Ref. [1] with permission). 

 

The presence of a Mg(OH)2 layer on Mg surface may explain why the measured corrosion 

potential of Mg alloys is always higher than -2.37 V vs SHE, usually in the range of -1.25 to -1.55 

V vs SHE (about -1.5 to -1.8 V vs saturated calomel electrode (SCE)) when immersed in aqueous 

solution [1, 13, 16]. 

Corrosion of Mg and Mg alloys can be more complicated than simple surface reaction and 

continuous film formation. The presence of second phases/precipitates in the alloys induces 

microgalvanic effects by coupling with the Mg matrix and acting as local cathodes/anodes [8, 17]. 

Also, Mg was shown to suffer from localized corrosion under corrosive environments, especially 

in the presence of chloride ions (Cl-) [18, 19]. The localized corrosion morphology on pure Mg 

depends strongly on the Cl- concentration in the test solution. While circular form of localized 

corrosion was observed under high Cl- concentration, filiform-like localized corrosion tracks were 

spotted under lower Cl- concentration [18]. This localized form of corrosion on Mg is usually 
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accompanied by intense hydrogen evolution [20, 21]. While the detailed mechanism of localized 

corrosion and the associated hydrogen evolution is still under debate, it was shown to be related to 

the abnormal hydrogen evolution behavior of Mg under anodic polarization [8, 10], i.e. the NDE, 

which will be discussed in the following sections. 

 

1.2.2 The Mystery: Negative Difference Effect (NDE) 

Because of the low electrochemical potential, Mg alloys are almost always anodically 

polarized when connected to other alloys. During anodic polarization, a notoriously peculiar 

electrochemical phenomenon occurs on pure Mg and Mg alloys. It is known as the negative 

difference effect, or NDE, and was first observed by Beetz [22] back in 1866. Fig. 1.2 presents an 

illustration of the NDE phenomenon [11]. On normal electrodes, the anodic and cathodic reaction 

rates are assumed to obey Tafel kinetics, as shown by the solid lines marked as Ia and Ic for the 

anodic and cathodic reactions, respectively. The reaction rates are equal to I0 at the open circuit 

potential (Eoc), or corrosion potential (Ecorr), where no anodic/cathodic bias is applied on the 

electrode. When applying an external voltage to the system to change the potential to a more 

positive (anodic) value, the anodic reaction rate increases and the cathodic reaction rate decreases 

along the solid line. However, on Mg, the cathodic hydrogen evolution rate also increases with 

increasing potential, as shown by the dashed line marked IH. The NDE is usually defined by the 

difference Δ: 

𝛥 = 𝐼0 − 𝐼H,m  (1.6) 

where I0 is the spontaneous hydrogen evolution rate at Ecorr and IH,m is the hydrogen evolution rate 

under a given anodic polarization. Normally, the Δ value is expected to be positive since the 
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cathodic reaction rate would decrease with anodic polarization. But for Mg, the hydrogen evolution 

rate is faster than the spontaneous rate under anodic polarization, resulting in a negative Δ value, 

i.e. NDE. 

 

 

Figure 1.2 Schematic illustration of negative difference effect (NDE) on Mg (reproduced from Ref. 

[11] with permission). 

 

The accelerating hydrogen evolution rate also implies that the anodic dissolution rate of 

Mg increases faster than the expected Tafel kinetics, as shown by the dotted line marked IMg in 

Fig. 1.2. Indeed, in a potentiodynamic polarization experiment, the measured current for a given 

polarization, Iappl, is related to the anodic and cathodic currents according to: 

𝐼appl = 𝐼Mg − 𝐼H (1.7) 

Because of the unusual electrochemical behavior of Mg, the amount of Mg dissolved measured 

from the current, Iappl, using Faraday’s law is smaller than the actual weight loss (corresponding to 
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IMg) by the amount IH. Therefore, the commonly used Tafel method [23] results in inaccurate 

estimations of the corrosion rates of Mg. 

 

1.2.3 Uni-Positive Magnesium (Mg+) Model 

One of the initial models that attempted to explain the Mg NDE is the uni-positive Mg+ ion 

model, first proposed by Turrentine [24] in 1908. In 1954, Petty et al. [25] used indirect evidence 

to argue for the existence of Mg+ ion. After flowing a test solution through a pure Mg surface and 

down to a beaker filled with KMnO4 solution, MnO2 precipitates were found at the bottom of the 

beaker. It was proposed that MnO2 was formed through the reaction between Mg+ ions in the down 

flow solution and MnO4
- ions in the beaker. This experiment was later widely cited as a proof of 

the existence of uni-positive Mg+ ion [1, 11, 17]. However, no direct experimental results have 

ever confirmed the existence of Mg+ ion in aqueous solution. The uni-positive Mg+ ion model was 

then used by Song and Atrens [9, 26, 27] to describe the abnormal hydrogen evolution response 

under anodic polarization during corrosion of Mg and Mg alloys. In their model, the anodic partial 

reaction of Mg dissolution was proposed to occur in two steps, involving uni-positive Mg+ ions as 

an intermediate oxidation state. The reaction sequence is as follows [28]: 

Mg → Mg+ + e− (anodic reaction 1)  (1.8) 

𝑘Mg+ → 𝑘Mg2+ + 𝑘e− (anodic reaction 2)  (1.9) 

(1 − 𝑘)Mg+ + (1 − 𝑘)H2O → (1 − 𝑘)Mg2+ + (1 − 𝑘)
1

2
H2 + (1 − 𝑘)OH−  

(chemical reaction)  (1.10) 

(1 + 𝑘)H2O + (1 + 𝑘)e− → (1 + 𝑘)
1

2
H2 + (1 + 𝑘)OH− (cathodic reaction) (1.11) 
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Summation of reactions 1.8-1.11 gives the overall reaction 1.1. 

In this reaction sequence, reaction 1.10 is a chemical reaction between the Mg+ ion and 

water molecules producing hydrogen gas that occurs away from the electrode surface and does not 

involve exchanging electrons with the electrode. This results in the acceleration of hydrogen 

evolution rate and excess Mg2+ under anodic polarization. A schematic illustration of Mg corrosion 

involving the Mg+ ion is shown in Fig. 1.3 [11]. 

 

 

Figure 1.3 Schematic illustration of the corrosion mechanism of Mg involving uni-positive Mg+ 

ion (reproduced from Ref. [11] with permission). Production of univalent Mg+ ion (reaction 1.8) 

was proposed to occur in a film-free region on Mg surface. 

 

The Mg+ model was widely accepted as the corrosion mechanism of Mg for years, until 

the utilization of combined experimental techniques [29-31] and improvement of in-situ 

electrochemical techniques [18, 19, 32, 33] questioned its validity. The experiments performed by 

Petty et al. [25] were replicated recently by Samaniego et al. [29] with added in-situ Raman 

spectroscopy. In their experiment, MnO2 precipitates were again observed in the beaker. However, 

Raman analysis of the reacting surface showed a peak corresponding to SO2, strongly suggesting 
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that the reducing agent flowing down to the bottom beaker was SO2, instead of Mg+ ions, thereby 

invalidating the evidence for the existence of Mg+ ion during Mg dissolution. More recently, 

another model was proposed based on additional experimental techniques, which will be reviewed 

in the next section. 

 

1.2.4 Localized Corrosion and Enhanced Catalytic Activity Model 

When immersed in Cl- containing aqueous solutions, a wide variety of Mg alloys were 

reported to exhibit localized corrosion [18, 19, 34-38], characterized by dark corrosion tracks 

forming on the alloy surface. Similar localized corrosion morphologies were also observed on Mg 

alloys under anodic polarization [39-41], which was accompanied by rising streams of hydrogen 

bubbles from the localized corrosion regions [18, 20, 21]. These observations implied that the 

excess hydrogen evolution might be related to the formation of localized corrosion regions. By in 

situ scanning vibrating electrode technique (SVET) experiments on pure Mg [18, 19, 42] and Mg 

alloys [43-45] in NaCl solutions, the dark localized corrosion tracks were found to be cathodic, 

while the propagating localized corrosion fronts were anodic.  

In a separate work by Birbilis et al. [39], a set of potentiostatic cathodic measurements was 

performed on Mg after galvanostatic anodic polarizations. The cathodic response current was 

found to increase with the degree of prior anodic polarization. Importantly, the surface coverage 

of localized corrosion also increased with the degree of anodic polarization. Based on this 

observation and previous SVET results, Birbilis et al. [39] proposed that NDE originates from the 

increase of catalytic activity towards hydrogen evolution in the cathodic localized corrosion 

regions formed during anodic polarization, i.e. “enhanced catalytic activity”. A schematic 

illustration of the proposed model is shown in Fig. 1.4 [19]. 
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Figure 1.4 Schematic illustration of the localized corrosion mechanism of Mg with enhanced 

catalytic activity (reproduced from Ref. [19] with permission). A film-free region was proposed at 

the localized corrosion front where Mg dissolves into the solution. 

 

Various experimental studies sought to find the origin of this so-called “catalytic activity”. 

Taheri et al. [46] examined a pure Mg immersed in 0.01M NaCl solution for 24 hours, followed 

by a potentiostatic anodic polarization at -1.0 V vs SCE for 0.5 hour. Tiny Fe-rich impurity 

particles were found to embed in the outer layer of the corrosion film, close to the film/electrolyte 

interface. They proposed that Fe-rich impurity particles were responsible for the increase in 

catalytic activity of localized corrosion regions on Mg. Hoche et al. [47] proposed that Fe impurity 

in Mg might dissolve into the solution and redeposit in the localized corrosion regions during 

immersion tests. By Rutherford backscattering spectrometry on a pure Mg anodically polarized at 

-1.6 V vs SCE for 24 hours, Cain et al. [48] showed that the interface between the corrosion film 

and Mg matrix could be another possible enrichment site for Fe impurities. Cross sectional TEM 

observations were performed on the localized corrosion regions on Mg-Al-Zn [49], Mg-Al-Mn 

[50], and Mg-Zn-Zr alloys [51] by Kish et al.. Second phase precipitates were found to incorporate 

in the localized corrosion products. Also, interfacial enrichment of alloying elements (Al in Mg-
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Al-Mn, Zn in Mg-Al-Zn and Mg-Zn-Zr alloys) was also identified at the corrosion region/alloy 

interface. The second phase incorporation and elemental interfacial enrichment were then 

proposed to be another possible source for the enhanced catalytic activity. However, in a study by 

Fajardo et al. [40], an obvious NDE was still observed on an ultra-high purity Mg (99.9999%), 

indicating impurity enrichment or second phase incorporation might not be the only origin of 

enhanced catalytic activity.  

The Mg(OH)2 phase itself was proposed as another possible source of the enhanced 

catalytic activity. Salleh et al. [52] used scanning electrochemical microscopy (SECM) to study 

the electrochemical response difference between a pristine Mg surface and a Mg(OH)2 covered 

Mg surface. A faster hydrogen evolution rate was observed on the latter during both free corrosion 

and cathodic polarization. However, the increase in hydrogen evolution rate during anodic 

polarization on pure Mg was reported to be several orders of magnitude higher than that observed 

by Salleh et al. [40], indicating the increase in hydrogen evolution rate on Mg(OH)2 cannot solely 

contribute to the NDE. To date, origin of the proposed “enhanced catalytic activity” is still 

unknown. 

A major limitation of the enhanced catalytic activity model is the assumption that hydrogen 

is generated at the cathodic regions, i.e. the cathodic localized corrosion tracks left on Mg surface. 

However, it was reported that rising streams of hydrogen bubbles were observed predominantly at 

the anodic localized corrosion fronts instead of the cathodic corrosion tracks [44, 45, 53, 54]. In a 

very recent series of experiments, NDE was observed on a pure Mg tested in a citric acid solution 

buffered at pH 3, while no dark localized corrosion track was observed on the sample surface [55]. 

This confirmed that the increase in hydrogen evolution rate under anodic polarization is primarily 

associated with the anodic reactions and the anodic dissolution regions [41, 55], and the cathodic 
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localized corrosion tracks play a relatively minor role. This concludes our current understanding 

of NDE, and the mechanisms responsible for the NDE have yet to be elucidated. 

 

1.3 Effect of Alloy Chemistry and Microstructure on Corrosion of Mg Alloys 

1.3.1 Role of Alloying Elements 

The presence of alloying elements in Mg was proposed to change the passivity and stability 

of the surface corrosion film. On pure Mg, a three-layered corrosion film structure was revealed 

after immersion in distilled water for 48 hours, consisting of an inner cellular layer, a dense 

intermediate region, and a platelet-like outermost layer [56, 57]. The corrosion film formed on Al 

containing Mg alloys after immersed in water for 48 hours was shown to have a similar three-

layered structure [58, 59]. However, the thickness of the inner cellular layer and the platelet-like 

outer layer both decreased significantly after the incorporation of Al into the film. This presence 

of Al was proposed to slow down the corrosion reactions by increasing the surface film passivity. 

Additionally, Danaie et al. [60, 61] observed a thin Al-rich layer at the corrosion film/matrix 

interface in a high Al content region on a sand cast Mg-Al-Mn alloy immersed in 1.6 wt% NaCl 

solution for 96 hours. This interfacial enrichment of Al was proposed to contribute to the observed 

better corrosion resistance for regions with higher Al content. A similar interfacial enrichment of 

Zn in Mg-Al-Zn [62, 63] and Mg-Zn-Zr [63] alloys was also reported and proposed to increase the 

passivity of corrosion film on Mg alloys. Rare earth elements and yttrium (Y) were also proposed 

to increase the surface film passivity by incorporation in the surface film during corrosion [37, 64-

66]. However, no systematic high resolution microscopy characterization study has been 

performed to confirm this hypothesis. 
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The presence of alloying elements as solid solution also affects the chemistry and 

electrochemical response of Mg. Fig. 1.5 [8, 66] shows a compilation of the effect of different 

alloying elements on the cathodic and anodic reactions of Mg. Elements that are nobler than Mg 

were usually observed to increase the cathodic reaction rate of Mg. This enhanced cathodic 

reaction was attributed to the incongruent dissolution of Mg that results in the surface enrichment 

of alloying elements and preferential hydrogen evolution on the relatively nobler surface. The 

preferential cathodic reaction on the surface also contributes to the reduction of the anodic reaction 

rate. Some other elements were reported to enhance the anodic reaction. Ca was proposed to 

increase the anodic reaction rate because of the higher reactivity (-2.87 V vs SCE) compared to 

Mg [67]. Sn and Pb were proposed to disrupt the formation of the surface corrosion film formation 

and enhance anodic dissolution because of the low melting temperature [66]. However, further 

investigations are needed to confirm these theories. Last but not the least, recent investigations 

reported that certain elements, such as Arsenic (As) [68, 69], cadmium (Cd) [70], and germanium 

(Ge) [71], can retard the cathodic hydrogen evolution reaction by blocking the recombination of 

hydrogen atoms and greatly improve the corrosion resistance of Mg alloys. 

Very recently, computational modeling was utilized to calculate the kinetics of reduction 

of water and hydrogen evolution on Mg surface and the effect of different alloying elements [72-

74], which might give further insights to the effect of alloying addition. 
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Figure 1.5 A compilation of alloying elements effect on the cathodic and anodic reaction rates of 

Mg (reproduced from Ref. [8] with permission). 

 

1.3.2 Roles of Second Phases 

Experimental evidence suggests that there is a “tolerance limit” in the elemental 

concentration, above which Mg corrosion rate accelerates dramatically (Fig. 1.6) [1, 8, 75]. Some 

alloying elements, such as Fe, Ni, Co, and Cu, have a notoriously low tolerance limit (usually less 

than 1000 ppm in pure Mg) and cause dramatic acceleration of corrosion rate upon exceeding the 

limit. Other alloying elements, such as Al, Zn, and Sn, have relatively higher tolerance limits, and 

are less detrimental to the corrosion resistance of Mg. Hanawalt et al. [75] suggested that the 

tolerance limit of a given alloying element is linked to its solubility in Mg. If an alloying element 

is added in excess of its solubility, second phases form and result in microgalvanic acceleration of 
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the corrosion rate, which depends on the volume fraction of second phases and the potential 

difference between the second phases and the Mg matrix. 

 

 

Figure 1.6 Corrosion rates as a function of alloying element concentrations in Mg. The corrosion 

rate dramatically increases upon exceeding the tolerance limit (reproduced from Ref. [1] with 

permission). 

 

However, synergies between elements can complicate this simple description. For instance, 

addition of Mn is known to increase the tolerance limit of Ni and Fe in Mg alloys [75], by forming 

less detrimental second phases that sequestrate the harmful alloying elements [76]. This reduces 

the potential difference between the second phases and Mg matrix, and reduces the microgalvanic 

effect. Recently, Zirconium (Zr) was found to have a similar sequestration effect as Mn when 

added to Mg alloys [77]. This concept was utilized to produce ultra-high purity Mg, when the high 

density FeZrx particles settled to the bottom of the melt and can be separated. Conversely, the 

addition of Si to Mg alloys was shown to promote the formation of Fe-Si impurity particles that 
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accelerate corrosion rate even for Fe content well below the tolerance limit [78]. In summary, it is 

not surprising that the tolerance limit of Mg alloys was found to depend on the overall chemistry, 

processing, and thermal history of the alloys [8, 11]. 

From a mechanistic view, the effects of second phases can be understood from their 

electrochemical potential as summarized in Fig. 1.7 [79]. Because of the high reactivity of Mg 

matrix, the potential of most second phases present in Mg alloys is higher than that of Mg, 

promoting anodic reaction in the Mg matrix. Increasing the amount of alloying elements increases 

the volume fraction of high potential second phases and leads to a monotonic increase in corrosion 

rate, as reported in Mg-cerium (Ce) [80], Mg-neodymium (Nd) [80], and Mg-Y [37] alloys. 

Alternatively, some second phases, such as Mg2Ca shown in Fig. 1.7, have a lower potential than 

Mg and play an inverse role that promotes cathodic reaction in Mg matrix. This local anode effect 

was reported for Mg-gadolinium (Gd)-Y based alloys where second phases with a lower potential 

than the Mg matrix, served as local anodes, and preferentially dissolved during the corrosion tests 

[81, 82].  

The presence of second phases was also shown to play an important role in localized 

corrosion on Mg alloys. Initiation of localized corrosion under free immersion was found close to 

second phases in Mg-Li [35] and Mg-Zn-Y-Zr [36] alloys. This was again explained with the 

microgalvanic effect of the second phases that promoted anodic dissolution and initiation of 

localized corrosion in the Mg matrix. 
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Figure 1.7 Collection of polarization curves of common second phases in Mg alloys (reproduced 

from Ref. [8] with permission). 

 

In addition to the microgalvanic effect, some second phases can be used as a corrosion 

barrier to stop the corrosion reaction. For example, it was reported that in cast AZ91 (Mg-9 wt%Al-

1 wt%Zn) alloys, the Mg17Al12 phase can serve as an effective corrosion barrier because of the 

continuous network structure along the grain boundaries [83]. The corrosion reaction in AZ91 

alloys occurred primarily in the Mg matrix initially, and eventually ceased once most of the Mg 

matrix is dissolved and a continuous Mg17Al12 phase network was exposed, as shown in Fig. 1.8. 

Furthermore, it was found that the corrosion rate of a die-cast AZ91 alloy is much slower than the 

sand-cast AZ91 because of the finer and more continuous Mg17Al12 phase resulting from the faster 

cooling rate during casting. In conclusion, besides the electrochemical potential, the volume 

fraction, distribution and morphology of second phases are also important considerations when 

designing corrosion resistant Mg alloys. 
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Figure 1.8 Schematic illustration of corrosion barrier effect for Mg17Al12 phase in die-cast AZ91 

alloy (reproduced from Ref. [11] with permission). 

 

1.3.3 Role of Grain Structure 

Beside second phases, grain structure is another factor that affects the corrosion behavior 

of Mg alloys. Slower corrosion rate was generally observed for (0001) oriented grains. Liu et al. 

[84] found that the dissolution depth of pure Mg on grains near (0001) basal orientation was 

shallower than the grains away from (0001) direction tested in 0.1M HCl solution. This 

observation was later confirmed by additional studies [85, 86]. Similarly, Song et al. [87] found 

that the rolling surface of a polycrystalline AZ31 (Mg-3 wt%Al-1 wt%Zn) Mg alloys, which 

mainly consisted of (0001) grains, had a slower corrosion rate than the (101̅0) and (112̅0) grains 

containing cross-section surface. This was attributed to the relatively higher atomic packing 

density and lower surface energy on (0001) grains that slowed down the Mg dissolution reaction 

[87, 88]. It was also noted that the galvanic coupling effect between grains with different crystal 

orientation might also play an important role when considering the grain orientation effect [89]. 

Even though a lower corrosion rate was generally observed on the (0001) grains, it was 

also reported that the (0001) grains are more susceptible to localized corrosion than other 

orientations [90, 91]. Song et al. [87] indeed found that the localized corrosion coverage on the 
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rolling surface (mainly (0001) grains) of a rolled AZ31 was higher than the cross-section surface 

(mainly (101̅0) and (112̅0) grains). The reason behind this susceptibility to localized corrosion for 

(0001) grains is still unclear. Recently, it was reported that the surface corrosion film thickness on 

(0001) grains, as measured by Raman spectroscopy and electrochemical impedance spectroscopy 

(EIS), was thinner than grains with other orientations [92]. This could result in a higher tendency 

to film breakdown and initiation of localized corrosion. Detailed microscopic study is needed to 

elucidate the real effect of grain orientation on the surface corrosion film. 

Some evidence exists for a grain size effect on Mg alloys corrosion though it seems that it 

is usually shadowed by the impact of second phases [93]. Birbilis et al. [94] used equal channel 

angular pressing to produce pure Mg with various grain size from 2.6 to 125 μm, and found the 

corrosion rate scaled linearly with the logarithm of grain size. Argade et al. [95] also reported a 

correlation between the corrosion rate and grain size on wrought Mg-Y-rare earth alloy, but with 

a power law relationship. This discrepancy in grain size dependence was attributed to the 

difference in alloy chemistry. Lu et al. [96] found that when the volume fraction of second phase 

was less 0.8% in a Mg-Zn-Ca alloy tested in simulated body fluid, the grain size became the 

controlling factor of corrosion rates. In general, it is agreed that Mg alloy with small grain corroded 

slower than its large grain counterparts. This was proposed to relate to a more homogeneous 

corrosion and better corrosion film stability because of higher number density of grain boundaries 

[95]. However, no microscopic support or mechanism for this theory was provided, which warrants 

further investigation. 
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1.4 Summary 

Even though coatings and other protection methods enabled the application of Mg alloys 

in different fields, the lack of fundamental understanding of the corrosion mechanisms of bare Mg 

strongly limit the possibility to improve the corrosion resistance of Mg and decrease of the cost of 

post-treatments. Utilization of modern electrochemical techniques and delicate design of 

correlative experiments have provided great insights to the corrosion behavior, especially the 

localized corrosion on pure Mg and Mg alloys. However, detailed characterization of the chemistry, 

structure, and morphology of the corrosion features, and its relationship with underlying alloy 

microstructure is still missing. 

Of note, in the models presented above, such as Fig. 1.3 and 1.4, a film-free region was 

invoked at the propagating propagation localized corrosion fronts to represent a surface corrosion 

film breakdown and direct exposure of Mg to the test solution. However, no experimental evidence 

exists of such film-free region or film breakdown. This is because most of the studies strictly relied 

on surface techniques or lacked a comprehensive view of the corrosion encompassing not only the 

macroscopic manifestations of corrosion through hydrogen evolution but also the sub-surface 

phenomena and alloy microstructure. The aim of this work is to provide the missing link between 

the corrosion response and localized corrosion microstructure, and further elucidate the roles of 

alloy microstructure using a multiscale microstructure characterization approach.   
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CHAPTER 2: 

Corrosion Microstructure and Behavior on a Heat-Treated Mg-Y-Nd-Zr Alloy1 

 

2.1 Motivation 

Before investigating the localized corrosion behavior and the NDE on Mg alloys, it is 

crucial to understand the microstructure of general corrosion features and identify other sources of 

hydrogen evolution. The heat-treated WE series Mg alloy is an ideal starting point because it does 

not suffer from localized corrosion during free corrosion. Therefore, the microstructure of surface 

corrosion film and the roles of second phase particles were first studied on a commercial WE43 

Mg alloy. 

Among all Mg alloys, the WE series Mg alloys, containing Y and rare earth elements, 

combine high specific strength, creep resistance, and good castability [3, 97]. Strengthening of 

these alloys is achieved by the formation of a dense distribution of fine scale precipitates that are 

formed by heat treatments, and remain stable up to 5000 hours in the 200 to 250 oC temperature 

range [3]. These unique precipitate structure and distributions make these alloys suitable for high 

temperature weight reduction applications. 

                                                             
1 The results presented in this chapter were published in: 

P.W. Chu, E.A. Marquis, Linking the Microstructure of a Heat-Treated WE43 Mg Alloy with Its 

Corrosion Behavior, Corros. Sci., 101 (2015) 94-104 doi.org/10.1016/j.corsci.2015.09.005. 
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2.2 Materials and Methods 

2.2.1 Materials and Sample Preparation 

A bar of wrought Mg-Y-Nd-Zr (WE43) alloy was provided by Magnesium Elektron Ltd. 

The composition of the alloy measured by induced couple plasma-mass spectrometry (ICP-MS) is 

shown in Table 2.1. The bar was cut into cubes with a dimension of 1 × 1 × 1 cm3 before heat 

treatments. The cubes were sealed into a quartz tube filled with sulfur hexafluoride (SF6) gas to 

prevent oxidation. The sealed samples were solution-treated at 525oC for 8 hours, followed by 

water quenching. These samples are designated as “solution-treated WE43”. Half of the solution-

treated samples were then placed into an oil bath at 250oC for 16 hours to reach the peak hardness 

as reported in [98, 99]. These aged samples are designated as “peak-aged WE43”. 

The cubes were then mounted in Buehler EpoThin epoxy with an exposed surface area of 

1 cm2. Before all corrosion tests, the samples were ground and polished down to 0.25 μm in 

alcohol-based diamond suspensions. The samples were cleaned with anhydrous alcohol and dried 

in flowing dry air. 

 

Table 2.1 Chemical composition and impurity level of WE43 alloy as measured by ICP-MS. 

 Y Nd Zr Gd Zn Mn* Cu* Fe* Ni* 

wt% 3.74 2.10 0.45 0.52 0.016 <0.03 <0.02 <0.005 <0.002 

at% 1.08 0.37 0.13 0.085 0.006 <0.014 <0.008 <0.002 <0.001 

* Impurity level from industry standard AMS4371. 
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2.2.2 Corrosion Tests and In-Situ Observation 

All corrosion tests were performed in a solution of 3.5 wt% sodium chloride (NaCl) 

saturated with magnesium hydroxide (Mg(OH)2) at a pH of 10.5. An AmScope stereo microscope 

with a CCD camera was used to record the corrosion process under open circuit without agitation. 

After immersion, the corroded samples were removed from the solution, cleaned with deionized 

water and dried in flowing dry air. 

The open circuit potential (OCP) and cathodic polarization curves of the heat-treated 

samples were measured in a three-electrode configuration, with the WE43 samples as working 

electrode, a saturated calomel electrode (SCE) as reference electrode and a high-density graphite 

bar as counter electrode. An Ivium Vertex potentiostat/galvanostat was used for all tests. The 

cathodic polarization curve was performed from +50 mV vs OCP to -500 mV vs OCP at a scan 

rate of 1 mV/s in the same test solution after 24 hours of immersion. The corrosion current density 

was measured by linear Tafel extrapolation and the corrosion rate was then estimated by assuming 

the number of valence electron of Mg is 2 [23, 100].  

Corrosion rates were evaluated by measuring the hydrogen evolution reaction rate. The 

setup was adapted from Ref. [101]. An upside-down centrifuge tube filled with the test solution 

was put over the sample to collect the evolved hydrogen gas. The corrosion rate was estimated 

from the hydrogen evolution rate by assuming an ideal gas behavior for the hydrogen gas [28]. 
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2.2.3 Microstructure Characterization 

A FEI Helios Nanolab 650 scanning electron microscope/focused ion beam (SEM/FIB) 

system equipped with an EDAX X-ray energy dispersive spectroscopy (EDS) detector was used 

for the microstructure characterization before and after the corrosion tests. A standard site-specific 

liftout process was used for preparing cross section transmission electron microscopy (TEM) 

samples [102], with the surface of the sample protected by depositing a layer of platinum (Pt) and 

a final cleaning step with a 2 kV Ga ions. A Leica cryogenic stage with a temperature of 150 K 

was used during the thinning process of the TEM samples, in order to minimize possible beam 

damage during ion milling (see Appendix I). 

A JEOL 3011 high-resolution TEM and a JEOL 2010F analytical TEM were used to 

perform cross sectional microstructure characterization. A Gatan 636 liquid nitrogen cooling 

holder with a temperature of 150 K was used during TEM observations in order to minimize 

degradation of the corrosion film during imaging (see Appendix I). X-ray EDS mapping was 

performed using a Hitachi HD-2300A scanning transmission electron microscopy (STEM) 

equipped with an Oxford EDS detector and the EDS spectrum images were analyzed using the 

Oxford INCA software.  

The O/Mg ratio obtained from EDS analysis is argued not reliable for inferring the nature 

of corrosion film [49]. However, STEM/EDS composition quantification performed on TEM 

liftout samples prepared from standard MgO and Mg(OH)2 powders successfully distinguished 

Mg(OH)2 and MgO with the O/Mg ratio (see Appendix II). Therefore, a similar method was used 

for all EDS quantification in this thesis. 

 



26 

 

2.3 Results 

2.3.1 Microstructure of the Heat-Treated WE43 Alloy before Corrosion Testing 

The microstructure of WE43 in its two heat-treated conditions was analyzed before the 

corrosion tests. The grain size of the WE43 alloy is in the range of 50 to 100 μm. Micron-sized 

particles were observed on the polished surface of the solution-treated WE43 sample (Fig. 2.1(a)). 

Two different morphologies of particles were observed, one with a rectangular shape and the other 

with an irregular shape. EDS analysis revealed that the rectangular shape particles are Y-rich and 

likely the Mg24Y5 intermetallic [103]; the irregular shape particles contain Zr and impurity 

elements such as Fe, Ni, Cr or Mn. As mentioned in Section 1.3.2, Zr is effective in gettering Fe 

from the Mg melt by forming intermetallic second phases [77]. The observed Y-rich and Zr-rich 

particles are not dissolved by the solution-treatment due to their high melting temperatures. 

The Vickers microhardness of the alloy increases from 68±3.3 HV to 82±2.5 HV after 

aging-treatment, owing to the formation of the fine scale precipitates. A back-scattered electron 

(BSE) SEM image (Fig. 2.1(c)) shows the finely dispersed precipitates formed throughout the 

grains, as well as along grain boundaries with a zone depleted of precipitates along them. These 

precipitates are likely to be the β1 and β phases that are both Nd and Y rich [104]. We note that the 

large Y-rich and Zr-rich particles are also present after the aging-treatment (Fig. 2.1(b)). 
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Figure 2.1 Secondary electron (SE) SEM images of as-polished surfaces from the (a) solution-

treated and (b) peak-aged WE43 showing Y-rich and Zr-rich particles. (c) Back-scattered electron 

(BSE) SEM image of peak-aged WE43 showing the fine scale β1 and β precipitates throughout the 

grains and along the grain boundaries. 
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2.3.2 Corrosion Rate Measurements 

The open circuit potential was measured for the first 24 hours of immersion in the 3.5 wt% 

NaCl solution saturated with Mg(OH)2. For both samples, the OCP increases drastically from 

about -1.92 V vs SCE up to about -1.78 to -1.80 V vs SCE in the first 10 to 20 minutes upon 

immersion (Fig. 2.2(a)). The potential then gradually drops to around -1.82 to -1.84 V vs SCE for 

the remaining of the measurement. The fast increase in the OCP in the first 10 to 20 minutes 

suggests the passivation of the surface and formation of a surface film. The slightly higher potential 

for the peak-aged sample suggests better film stability during passivation.  

The cathodic polarization curves were obtained after 24 hours of immersion to estimate the 

corrosion rate (Fig. 2.2(b)). The corrosion potentials, cathodic Tafel slopes, corrosion current 

densities measured by linear Tafel extrapolation, and the estimated corrosion rates are shown in 

Table 2.2. The corrosion rate of the solution-treated WE43 is faster compared to that of the peak-

aged WE43. However, evaluation of the corrosion rates from polarization curves was unreliable 

for Mg alloys owing to the complexity of the corrosion reactions (Sections 1.2.2) [105] and the 

results usually disagree with that from hydrogen evolution rate and weight loss [23, 100, 105]. 

Therefore, the hydrogen gas evolved from the corroding WE43 alloy surface was collected to 

assess the corrosion rates as a function of immersion time as shown in Fig. 2.2(c). The solution-

treated WE43 sample again showed a higher corrosion rate compared to that of peak-aged WE43 

within an immersion timespan of 180 hours. The hydrogen evolution rate increases slightly with 

immersion time, possibly due to an increase in the effective surface area. The resulting corrosion 

rates for each alloy condition averaged from seven separate immersion tests are shown in Fig. 

2.2(d). 
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Table 2.2 Corrosion current densities and corrosion rates measured by linear Tafel extrapolation. 

 Current Density 

(μA/cm2) 

Corrosion Rate (mm/yr) 

Solution-Treated WE43 84.69 1.94 

Peak-Aged WE43 69.94 1.60 

 

 

Figure 2.2 (a) The open circuit potential evolution in 3.5 wt% NaCl solution saturated with 

Mg(OH)2 (T=21oC). (b) Cathodic polarization curves in the test solution after 24 hours of 

immersion. (c) Representative hydrogen evolution curves and (d) the estimated average corrosion 

rates from seven measurements (the error bars are the standard deviations). 
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2.3.3 Characterization of the Corrosion Products 

For both solution-treated and peak-aged WE43, uniform corrosion was observed with no 

localized corrosion features even after 100 hours of immersion (Fig. 2.3). Hydrogen bubbles were 

observed to form on both solution-treated and peak-aged WE43 surfaces. These hydrogen bubbles 

grew slowly with time and escaped from the sample surface once the bubbles had reached a critical 

size or some agitation was introduced in the solution. New hydrogen bubbles reformed at the very 

same locations. White dots were found at the locations where the hydrogen bubbles formed. 

The corroded samples were removed from the test solution after various immersion times 

and transferred to a SEM to investigate the instantaneous corrosion morphology in more details. 

Fig. 2.4 shows the observed corrosion morphology for both heat-treated samples after 1 hour and 

6 hours of immersion. For both samples, the white dots, where the hydrogen bubbles initiated, are 

regions where corrosion products accumulated locally. These corrosion products protrude from 

the surface with a hemispherical shape or “domes” (Fig. 2.5) with sizes ranging from a few μm up 

to 100 μm in diameter.  

Away from the dome regions, a corrosion film was observed on the surface of both samples 

after 1 hour immersion (Fig. 2.4(a) and (b)). The film presented cracks, presumably from a 

dehydration reaction occurring during the transfer process to the SEM vacuum chamber. The 

underlying grain structure could still be discerned on the peak-aged WE43, suggesting that the 

corrosion film might still be thin in these areas. 

After 6 hours of immersion, while a relatively uniform corrosion films was still observed 

on the surface of peak-aged WE43 (Fig. 2.4(d)), different morphologies on solution-treated WE43 

were observed (Fig. 2.4(c)), suggesting the presence of two different regions: a thicker corrosion 

film with wide dehydration cracks and a thinner corrosion film with a surface appearance 
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comparable to that found on peak-aged WE43. The difference in thickness for the two regions of 

the corrosion film was confirmed by later cross sectional TEM observations. 

 

 

Figure 2.3 in situ observation of the corrosion morphology on (a) solution-treated and (b) peak-

aged WE43 after 100 hours of immersion showing a uniform corrosion morphology and hydrogen 

bubbles. 
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Figure 2.4 SEM surface images of the corrosion morphologies after 1 hour and 6 hours of 

immersions for solution-treated and peak-aged WE43 alloys. The labels “thin” and “thick” in (c) 

indicate regions with thin and thick surface films, respectively. 

 

 

Figure 2.5 SEM image of a protruding dome formed on peak-aged WE43 after 24 hours of 

immersion. (Stage tilt = 52o) 
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In order to understand the formation mechanism of the domes, cross sectional TEM/STEM 

observations were performed on domes of different sizes. Fig. 2.6(a) shows a representative cross 

sectional STEM view of a dome formed on solution-treated WE43 after 1 hour immersion. Second 

phase particles were found at the alloy surface and underneath all the investigated domes. EDS 

analysis (Fig. 2.6(b)) confirmed that the analyzed particle contained Zr, Mg, Ni and Mn. All 

investigated domes were found to form on top of Zr-rich particles with impurity elements. No 

dome was found on top of Y-rich particles containing no Zr.  

The domes have a porous structure, with increasing porosity from inner to the outer 

portions. The electron diffraction pattern for the inner portion coincide with Mg(OH)2, while the 

diffraction pattern changes gradually to MgO towards the outer portion of the dome (Fig. 2.6(d)-

(f)). This gradual change of diffraction patterns indicate that the dehydration process occurs on the 

outer portion of the dome, while the inner parts are protected. EDS analysis (Fig. 2.6(c)) showed 

that the dome is mainly composed of Mg and O, with a trace amount of Cl. No alloying elements 

were identified in the EDS spectrum, suggesting that the domes are formed by precipitation of 

Mg(OH)2 from the test solution. The chemical compositions of the particles and the dome are 

shown in Table 2.3.  

The presence of a dome can affect the corrosion behavior of the surrounding surfaces, as 

illustrated by a 150 μm wide SEM/FIB cross section cut across a dome region and shown Fig. 2.7, 

which shows the differences in the depth of the corrosion layer around the dome and away. The 

corrosion layer appears to be formed by deposition around the dome while it is penetrating into 

the alloy away from the dome. This suggests that the dome region is locally protective and this 

local effect can be explained by a microgalvanic effect from the Zr-rich particles, which will be 

discussed in Section 2.4.  
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Figure 2.6 (a) Cross sectional STEM images of a protruding dome and the underlying particles of 

solution-treated WE43 after 1 hour immersion. EDS spectra for (b) the underlying particles and (c) 

the dome (quantitative analysis of the EDS spectra are shown in Table 2.3), and (d)-(f) electron 

diffraction pattern evolution of the dome from inner to outer portions. (Elements in the spectra 
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which are not included in the quantification are from the TEM sample holder (Cu and Al), 

contamination during sample preparation (Si), carbon deposition during imaging (C) and Ga 

damage during ion milling (Ga).) 

 

Table 2.3 Chemical composition analysis by EDS for the dome and the underlying particles. 

(The EDS spectra are shown in Fig. 2.6(b) and (c)). 

at% O Mg Cl Y Nd Zr Gd Mn Ni 

Particles - 21.4 - - - 57.5 - 1.6 19.5 

Dome 58.5 40.9 0.6 - - - - - - 

 

 

Figure 2.7 Cross sectional SEM/FIB images illustrating the local protecting effect of the dome on 

peak-aged WE43 after 5 days of immersion. 

 

Since the dome regions are protected by the accumulation of corrosion products, the 

dominant corrosion process takes place away from the domes. Therefore, it is important to 

understand the microstructure of the corrosion film, its relationship with the underlying 

microstructure, and the resulting corrosion behavior. Cross sectional TEM/STEM investigations 

were performed on the corrosion film formed after immersions for 1 hour and 6 hours (Fig. 2.8). 
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The corrosion films formed on the solution-treated and peak-aged WE43 samples both showed a 

similar bi-layered porous structure, with the outer layer being more porous than the inner layer.  

Representative electron diffractions and EDS analyses for the corrosion films are shown in 

Fig. 2.9. The electron diffraction pattern of the outer layer (Fig. 2.9(a)) only shows a diffuse 

diffraction halo, consistent with an amorphous structure; while the inner layer (Fig. 2.9(b)) shows 

a diffraction pattern which coincides with that of the MgO structure. From EDS analyses, the 

corrosion film is mainly composed of Mg and O, with trace amounts of alloying elements and Cl. 

The inclusion of alloying elements in the corrosion film indicates that the film is formed by 

corrosion reactions between the solution and the alloy. The outer layer of the corrosion film shows 

an O/Mg ratio around 2, consistent with Mg(OH)2; and the inner layer shows an O/Mg ratio close 

to 1, implying an MgO structure. The microstructure of the corrosion film can be summarized as 

an outer porous amorphous Mg(OH)2 layer on top of an inner MgO layer. 

The precipitates formed during aging of the alloy are incorporated into the corrosion film 

on peak-aged WE43 (Fig. 2.8(b) and (d)). This phenomenon is more obvious when EDS mapping 

is performed (Fig. 2.10), as the precipitates can be clearly discerned from the Nd map. This again 

confirms the inward growth of corrosion film, which was observed in Fig. 2.7 away from the 

domes. Therefore, a region with thicker corrosion film correlates with a deeper corrosion depth, 

i.e. a faster corrosion rate. The film/alloy interface is rougher for the peak-aged WE43 than for the 

solution-treated. This is attributed to the presence of precipitates and their interactions with the 

inward propagation of the corrosion front. 
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Figure 2.8 Cross sectional TEM images of the corrosion films after 1 hour and 6 hours of 

immersion for solution-treated and peak-aged WE43 alloy. (c) and (e) are from the thin and thick 

regions indicated in Fig. 2.4(c). 
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Figure 2.9 Electron diffraction patterns of (a) outer and (b) inner layers, and (c) the EDS 

compositional depth profile of the corrosion film on solution-treated WE43 after 6 hours of 

immersion shown in Fig. 2.8(c). 

 

 

Figure 2.10 EDS mapping of the corrosion film on peak-aged WE43 after 6 hours of immersion. 

 

Since the regions characterized by TEM are small, we will not attempt to quantitatively 

link the observed thickness of the corrosion film with the overall corrosion rate. However, it 

appears that the local thickness of the interfacial MgO layer correlates with the thickness of the 
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overall corrosion layer and therefore with local corrosion rate (Fig. 2.8(c-e)). The formation 

mechanism of the corrosion film and the relationship with the alloy microstructure will be 

discussed in next section. 

 

2.4 Discussion 

Both solution-treated and peak-aged WE43 shows a uniform corrosion morphology, i.e. no 

localized corrosion, when tested in 3.5 wt% NaCl solution saturated with Mg(OH)2. This is in 

contrast with a previous study by Przondziono et al. [106] who reported localized pitting corrosion 

on as-extruded WE43 alloys tested in NaCl solutions. The uniform corrosion morphology reported 

here may be attributed to the change of microstructure after heat treatment. 

The observation of hydrogen bubbles forming on the sample surface indicates the presence 

of second phase particles in the alloy, which accords with another study [107] on pure Mg and AZ 

series alloys published at the same time as this work. Three types of second phases (Zr-rich, Y-

rich and finely dispersed precipitates) were observed on the as-polished surface. However, only 

the Zr-rich particles were found responsible for the hydrogen bubbles and formation of the domes, 

explained by microgalvanic effect where the Zr-rich particles serve as effect local cathodes. Indeed, 

the Zr-rich particles have the highest Volta potential difference with respect to the Mg matrix 

compared to other possible intermetallic second phases and precipitates [108, 109],  and this is 

attributed to the inclusion of noble impurity elements, such as Fe, Ni, Cr, as discussed in Section 

1.3.2. 

The accumulation of Mg(OH)2 into the dome structures comes from the cathodic reaction 

2.3 taking place at the Zr-rich particles, where the reduction of water molecules is accompanied 
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by the formation of H2 molecules and an increase in local pH value. The saturation of the test 

solution with Mg(OH)2 ensures that Mg(OH)2 can form readily. The observed hemispherical dome 

structure (Fig. 2.5) can be rationalized from a radially symmetric distribution of the pH values 

developing from a single point on the surface at the location of the Zr-rich particles. Because of 

the porous structure of the domes, the cathodic effect of the particles is maintained even after the 

formation of the domes. The locally increasing pH value around the Zr-rich particles also protects 

the neighboring region from corrosion as demonstrated by the deposition of Mg(OH)2 on the 

surface (Fig. 2.7). A schematic illustration of the formation process of the domes is shown in Fig. 

2.11(a) below. 

The presence of domes has been reported previously in different Mg alloys [61, 108, 110]. 

The domes formed over Al8Mn5 precipitates in an AM50 alloy tested in 1.6 wt% NaCl solution 

[61] were reported to have two distinct phases: an inner section of MgO and an outer layer of 

Mg(OH)2. This differs from the continuous Mg(OH)2 structure with a dehydrated MgO outer 

portion shown in Fig. 2.6. However, partial Al dissolution from the Al8Mn5 particles under 

increasing pH make the dome formation process in Ref. [61] more complex.  

Because of the local protective effect by the domes, the dominant corrosion reaction occurs 

on the regions away from the domes, which is galvanically coupled with the Zr-rich particles as 

anodes. Therefore, it is not surprising that a bi-layered structure of the corrosion film, similar to 

that previously reported for different Mg alloys [111-113], was observed away from the domes. 

The alloying elements from the WE43 matrix are found to be incorporated into the corrosion film; 

however, unlike Al in AM50 alloys [60] and Zn in AZ series [49, 62, 63, 114] and ZE series alloys 

[63, 114], no interfacial enrichment of the alloying elements at the film/alloy interface was 

observed. Even though the alloying elements are present inside the corrosion film, the film 
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microstructure does not change dramatically compared to the film formed on pure Mg immersed 

in NaCl solutions [112]. The proposed increase of passivity of surface corrosion film by 

incorporation of alloying elements proposed in Ref. [37, 64-66] cannot be confirmed and further 

investigations are still needed. 

Based on the observed microstructure of the corrosion film, the film formation mechanism 

can be proposed as follows. Two reaction fronts, one for the oxidation reaction and one for the 

hydration reaction, propagate inward during the corrosion process, resulting in the bi-layered 

Mg(OH)2/MgO structure. This is consistent with the theory by Taheri et al. [112] that the inner 

MgO layer is formed by oxidation of Mg alloys and the outer Mg(OH)2 layer is formed by the 

hydration of inner MgO layer. Because of the porosity of the corrosion film, the water molecules 

and solvated ions can easily penetrate through the layers for the corrosion reactions to proceed. 

According to an isotopic tracer study of the corrosion film growth on Mg alloys [114], the film 

growth mechanism is dominated by inward transport of oxygen and hydrogen diffusion rather than 

by the outward diffusion of Mg. The finely dispersed precipitates in peak-aged WE43 are 

embedded into the surface film after the corrosion reactions, again confirming the inward growth 

mechanism of the corrosion film, as reported in the literature [49, 63, 113].  

In peak-aged WE43, even though the precipitates do not form a continuous network and 

cannot serve as a corrosion barrier similarly to the mechanism suggested by Song et al. for AZ91 

[83], the spacing between precipitates are fine enough (50 to 200 nm) to interact with the 

propagation of corrosion fronts, contributing to a rough film/alloy interface (Fig. 2.8 and 2.10). 

Since the outer Mg(OH)2 layer is highly porous and provides an easy penetration path for the 

solution [113], the propagation of the hydration front is believed to be unchanged despite the 

embedded precipitates in the film. Therefore, the main role of the precipitates appears to interact 
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and slow down the propagation of the oxidation front. The thinner interfacial MgO layer on peak-

aged WE43, compared to that of solution-treated WE43, is also consistent with a slower 

propagation of oxidation. A schematic illustration of the propagation of oxidation and hydration 

fronts, and the interaction with the precipitates, is shown in Fig. 2.11(b). After long-term 

immersion (>5 days), parts of the corrosion film on solution-treated WE43 fell off easily, while 

the film on peak-aged WE43 showed a better adhesion to the alloy surface. While the thicker 

corrosion films on solution-treated WE43 may develop larger stresses, changes of the film/alloy 

interfacial properties due to precipitate interactions could also contribute to the observed 

differences. 

 

 

Figure 2.11 Schematic illustration of the proposed corrosion models. (a) Microgalvanic effect of 

the Zr-rich particles and (b) corrosion film formation mechanism and the effect of the finely 

dispersed precipitates on the corrosion evolution. 
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The local inhomogeneity of the corrosion rate on solution-treated WE43 may be attributed 

to local variations of the chemical composition that were previously reported [99]. It was argued 

that the presence of Nd and Y in solid solution might improve the corrosion resistance by forming 

a more protective corrosion layer [37, 65, 66, 115]. Whether solute concentration variations play 

a role in the development of thin and thick corrosion layer on solution-treated sample could not be 

confirmed. However, peak aging decreases the matrix solute concentrations through precipitation; 

yet it is associated with slower corrosion kinetics. Therefore, it is believed that the presence of 

finely dispersed precipitates in the peak-aged alloy plays a prominent role in interacting with and 

slowing down the inward propagation of the corrosion reactions. 

 

2.5 Conclusions 

The corrosion behavior of solution-treated and peak-aged WE43 in a NaCl solution was 

investigated across different length scales to understand the general corrosion feature and the 

relationship between corrosion behavior and the underlying second phases. The new findings are 

summarized as follows: 

1. A uniform corrosion morphology without localized corrosion was observed for both solution-

treated and peak-aged WE43.  

2. Protruding Mg(OH)2 domes were found to form on Zr-rich impurity particles by a microgalvanic 

effect. The dome regions are protected by the local increase of pH value and deposition of 

Mg(OH)2 on the surface. 
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3. The dominant corrosion reactions occur away from the dome regions. A bi-layered corrosion 

film microstructure was revealed by TEM/STEM investigation showing a porous outer Mg(OH)2 

layer on top of an inner MgO layer. This bi-layered structure is proposed to form by inward 

propagation of the corrosion front and sequential oxidation and hydration reactions. The finely 

dispersed precipitates after aging treatment decreases the corrosion rate of WE43 alloy by 

interacting with the propagation of corrosion reactions. 
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CHAPTER 3: 

Hydrogen Evolution and Localized Corrosion during Anodic Polarization of  

a Peak-Aged Mg-Y-Nd-Zr Alloy2 

 

3.1 Motivation 

In Chapter 3, a uniform corrosion morphology was observed on a WE43 alloy during free 

immersion in a NaCl solution, and detailed characterization of the corrosion products clarify the 

effect of second phases in hydrogen evolution and corrosion of Mg alloys. During anodic 

experiments, however, localized corrosion, accompanied by the evolution of hydrogen gas, was 

observed on the same peak-aged WE43 alloy. Therefore, anodic polarization can be used to initiate 

and control localized corrosion on this alloy, providing a unique condition for experiments to 

understand the relationship between the corrosion microstructure developing in localized corrosion 

regions and the abnormal hydrogen evolution under anodic polarization, i.e. NDE. 

 

                                                             
2 The results presented in this chapter were published in: 

P.W. Chu, E.A. Marquis, Anodic Hydrogen Evolution and Localized Corrosion during 

Galvanostatic Polarization of a Peak-Aged Mg-Y-Nd-Zr Alloy, J. Electrochem. Soc., 163 (2016) 

C402-C409 doi: 10.1149/2.0201608jes. 

Reprinted with permission from J. Electrochem. Soc., 163, C402 (2016). Copyright 2016, The 

Electrochemical Society. 
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3.2 Materials and Methods 

3.2.1 Materials and Sample Preparation 

A bar of wrought WE43 alloy was provided by Magnesium Elektron Ltd. The composition 

of the alloy was given in Table 2.1 in previous chapter. The samples were solution-treated at 525oC 

for 8 hours, followed by aging at 250oC for 16 hours to reach the peak hardness [98, 99]. Under 

this aging condition, finely dispersed Nd and Y rich β1 and β precipitates formed throughout the 

grains and along the grain boundaries, as shown in Fig. 2.1(c) in previous chapter. 

The heat-treated samples were then mounted in Buehler EpoThin epoxy with an exposed surface 

area of 1 cm2. A Teflon insulated silver-plated copper wire was connected to the rear side for 

electrical connection. Before each electrochemical test, the samples were ground to 1200 grit in 

an alcohol-based lubricant, cleaned with anhydrous alcohol, and dried in flowing dry air. 

 

3.2.2 Electrochemical Tests 

All electrochemical tests were performed in a 0.1M NaCl (pH~6.5) solution prepared with 

laboratory grade reagents and deionized water. 200 mL of solution was used in each test. A 

conventional three-electrode configuration was used with the peak-aged WE43 sample as working 

electrode, a saturated calomel electrode (SCE) as reference electrode and a high-density graphite 

bar as counter electrode. An Ivium Vertex potentiostat/galvanostat controlled by IviumSoft 

software was used for all tests. Potentials presented in this study are all referred to the SCE.  

An upside-down centrifuge tube filled with the test solution was placed over the sample 

during the tests to collect evolved hydrogen gas and monitor the hydrogen evolution rate. For 
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selected samples, an AmScope stereo microscope with a CCD camera was used to record the 

surface morphology change and hydrogen evolution sites under polarization. 

Galvanostatic polarization with current density ranging from -10 to 10 mA/cm2 was applied 

to investigate the sample responses and hydrogen evolution rates. The samples were held at open 

circuit for 10 minutes to reach a stable potential before application of the current. A total charge 

of 15 C/cm2 was passed for each current density. Duplicated experiments were performed for each 

condition to verify the reproducibility. 

The cathodic responses of anodic polarized samples were investigated by recording the 

cathodic potentiodynamic polarization curves after anodic polarization for a charge of 2 C/cm2. 

This amount of charge was chosen because localized corrosion features are visible on the sample 

surface but no significant change of solution pH was observed. The samples were held in the same 

test solution for 30 seconds after polarization before measuring the cathodic polarization curves. 

A baseline sample, without anodic polarization, was held at open circuit for 10 minutes and tested. 

The cathodic polarization scan was performed from the open circuit potential (OCP) downwards 

at a rate of 1 mV/s to -700 mV vs OCP. Each scan was performed twice on freshly anodic polarized 

samples to ensure reproducibility of the experiments. 

 

3.2.3 Microstructure Characterization 

A FEI Helios Nanolab 650 scanning electron microscope/focused ion beam (SEM/FIB) 

system was used for the microstructure characterizations. A standard site-specific liftout process 

was used for preparing cross section TEM samples [102], with the surface of the sample protected 

by depositing a layer of platinum (Pt) and a final cleaning step with 2kV Ga ions. A Leica 
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cryogenic stage (T=150 K) was used during the thinning process to minimize possible beam 

damage during ion milling (Appendix I). 

A JEOL 2010F analytical TEM was used to perform cross sectional microstructure 

characterizations. A Gatan 636 cooling holder (T=150 K) was used during TEM observations to 

minimize degradation of the corroded regions during imaging (Appendix I). X-ray energy 

dispersive spectroscopy (EDS) mapping was performed using a Hitachi HD-2300A scanning 

transmission electron microscopy (STEM) equipped with an Oxford EDS detector and the EDS 

spectrum images were analyzed with the Oxford INCA software. 

 

3.3 Results 

3.3.1 Hydrogen Evolution Rate under Galvanostatic Polarization 

The volume of collected hydrogen gas as a function of time under galvanostatic 

polarization was measured at different applied cathodic and anodic current densities. Under 

cathodic polarization (Fig. 3.1(a)), the hydrogen evolution rate increased with increasing applied 

current density, which is expected because reduction of water and evolution of hydrogen gas is the 

dominant cathodic reaction and the rate is proportional to the applied cathodic currents. Under 

anodic polarization (Fig. 3.1(b)), the hydrogen evolution rate also increased with increasing 

applied current density, which is an evidence of the NDE. From these measurements, an average 

hydrogen evolution rate, which is the average of the slopes between each data points shown in Fig. 

3.1, was calculated and plotted as a function of the applied current density (Fig. 3.2). The hydrogen 

evolution rate decreased with decreasing applied cathodic current density and increased with 
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increasing applied anodic current density, i.e. a NDE phenomenon. A minimum hydrogen 

evolution rate was reached at open circuit condition. 

 

 

Figure 3.1 Volume of evolved hydrogen collected as a function of application time for peak-aged 

Mg-Y-Nd-Zr alloy in 0.1M NaCl solution under galvanostatic polarization at different (a) cathodic 

and (b) anodic current densities. A total charge of 15 C/cm2 was applied. 
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Figure 3.2 Average hydrogen evolution rates, calculated by averaging the slopes between each 

data points in Fig. 3.1, as a function of applied current density. The error bars shown here are the 

standard deviations of the slopes. 

 

A polarization curve resulting from the galvanostatic polarization experiments is obtained 

by plotting the applied current density, iappl, against the steady state potential measured at the end 

of each galvanostatic polarization (Fig. 3.3(a)). It should be noted that the steady state potentials 

here are not corrected for the ohmic potential drops. The current densities calculated from the 

hydrogen evolution rates, iH2, by assuming an ideal gas behavior for hydrogen [28], are also plotted 

in Fig. 3.3(a) for comparison. It is clear that iH2 follows closely with iappl, even though under anodic 

polarization the applied current opposes the cathodic reaction. The currents iH2 and iappl overlap 

with each other under cathodic conditions, while iH2 are consistently lower than iappl under anodic 

conditions.  

The ratio between iH2 and iappl is plotted against the applied current density in Fig. 3.3(b). 

Under cathodic polarization, the ratio is about 1 suggesting that the reaction rate of hydrogen 
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evolution is controlled by the applied cathodic currents. The iH2/iappl ratio drops slightly below 1.0 

under low cathodic current densities perhaps due to some dissolution of hydrogen gas into the test 

solution. Under anodic polarization, the iH2/iappl ratio drops with increasing anodic current densities 

and is stabilized around 0.5 to 0.6 under large anodic polarization. These results are similar to prior 

observations on pure Mg [40, 116] and other Mg alloys [117]. 

 

 

Figure 3.3 (a) Applied current density, iappl, and current density inferred from hydrogen evolution 

rate, iH2, as a function of steady state potential. The potential values are not corrected for ohmic 

potential drops. (b) Ratio of the current density calculated from hydrogen evolution rate to the 

applied current density, iH2/iappl, as a function of applied current density. 
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3.3.2 Localized Corrosion Induced by Anodic Polarization 

During anodic polarization experiments, the evolution of response potential was also 

monitored and selected curves are shown in Fig. 3.4. For all anodic current densities, the potential 

increased initially and dropped after some amount of time that varied with the applied anodic 

current density. The initial potential increase suggests that the sample surface is passivated by the 

presence of a surface film formed after 10 minutes of immersion at open circuit. The subsequent 

drop indicates a breakdown of the surface film and correlates with the initiation of localized 

corrosion, which takes place more rapidly with increasing anodic current density. 

 

 

Figure 3.4 Evolution of the potential under galvanostatic anodic polarization for different applied 

current densities. The potentials here are not corrected for ohmic potential drops. 

 

To correlate hydrogen evolution with localized corrosion, the initiation of localized 

corrosion under anodic polarization at 1 mA/cm2 was monitored by in situ optical microscopy. Fig. 
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3.5(a) shows a snapshot of the surface at 2 seconds after application of the polarization. Rising 

streams of hydrogen gas are observed locally on the sample surface (arrowed). The larger hydrogen 

bubbles formed during initial holding at OCP and initiated on Zr-rich impurity particles as 

discussed in previous chapter. Another snapshot after application of the current for 60 seconds 

(Fig. 3.5(b)), with the current switched off, shows small localized corrosion regions (arrowed) at 

the sites where the hydrogen gas was seen to evolve. Comparing with unpolarized condition in 

previous chapter, we note that the large hydrogen bubbles remain unaffected by the anodic 

polarization. 

The effect of applied anodic current density on the surface morphologies exposed to 15 

C/cm2 of charge under different anodic polarization is shown in Fig. 3.6. The coverage of the 

corroded region increased with increasing applied anodic current density. The corrosion regions 

formed preferentially around the edge of the samples, possibly due to an edge effect on the current 

density distribution, but localized corrosion can still be found in the center of the samples, 

especially under high anodic current densities. These corrosion morphology agrees with previous 

observations on pure Mg after anodic polarization [39, 118].  
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Figure 3.5 In situ OM observations. (a) Image taken at 2 seconds under anodic polarization at 1 

mA/cm2. (b) The same area after 60 seconds of anodic polarization. The image was taken after the 

polarization stopped. 
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Figure 3.6 Surface morphology after galvanostatic anodic polarization at (a) 0.25, (b) 0.5, (c) 2.5 

and (d) 10 mA/cm2 (Charge passed: 15 C/cm2). 

 

3.3.3 Microstructure of the Localized Corrosion 

In order to understand the relationship between the localized corrosion induced by anodic 

polarization and the abnormal hydrogen evolution, galvanostatic polarization at 1 mA/cm2 for 5 

seconds was performed on the sample. According to the potential evolution shown in Fig. 3.4, 

localized corrosion has already initiated by this time. The polarized sample was removed from the 

test solution immediately and transferred to a SEM/FIB microscope for microstructure analysis of 

the localized corrosion regions. 

Small holes, in a size of about a few μm, were found on the surface of the polarized sample 

at the locations where rising streams of hydrogen gas were observed (Fig. 3.7(a)). These holes 

confirm the local breakdown of surface film and the initiation of localized corrosion. Cross 

sectional observations at the hole shown in Fig. 3.7(a) revealed a localized corrosion region about 
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10 μm wide and 5 μm deep (Fig. 3.7(b)). Finely dispersed precipitates can be seen in both the 

uncorroded alloy and the corrosion region by high angle annular dark field (HAADF) STEM 

observation of the same cross section (Fig. 3.7(c)), finely dispersed precipitates can be seen in 

both the uncorroded alloy and the corrosion region. The corrosion region that is porous extends 

into the alloy by forming finger-like features, which are also porous (Fig. 3.8). The localized 

corrosion region expands with increasing polarization time, as shown in Fig. 3.9. No film-free 

region as suggested in previous models [21, 119] was observed at the front of the developing 

localized corrosion regions. The finger-like features are present at the propagation front of the 

corrosion region even after extended polarization time. 

STEM EDS mapping (Fig. 3.10) was also performed in order to understand the chemistry 

of the localized corrosion region. The O distribution highlights the corrosion region and presents 

the same finger-like features shown in the secondary electron (SE) STEM image (Fig. 3.10(a)). 

The Cl distribution also follows closely with the corrosion region, implying that localized 

corrosion proceeds by reaction with the NaCl test solution. However, no Na peak was observed in 

the EDS spectrum. The distribution of Nd highlights the location of the precipitates, and the 

similarities between the corroded and uncorroded regions indicate that the precipitates do not 

dissolve during the propagation of the localized corrosion front. No interfacial or surface 

enrichment of O, Cl, or any of the alloying/impurity elements is observed. 
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Figure 3.7 Same localized corrosion region formed after anodic polarization at 1 mA/cm2 for 5 

seconds imaged with (a) top-view SEM image using the secondary electron (SE) detector, (b) cross 

sectional SEM image using the SE detector showing the finger-like corrosion front morphology, 

and (c) cross sectional high angle annular dark field (HAADF) STEM image showing the finely 

dispersed precipitates presented in both the corrosion region and WE43 matrix. Yellow dashed 

line outlines the interface between corrosion region and WE43 matrix. 
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Figure 3.8 Cross sectional bright field (BF) TEM image of the edge of the same localized corrosion 

region (the box shown in Fig. 3.7(b)) formed after anodic polarization at 1 mA/cm2 for 5 seconds 

showing the porous structure and finger-like features. Yellow dashed line outlines the interface 

between corrosion region and WE43 matrix. 
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Figure 3.9 Cross sectional SEM/FIB images showing the evolution of localized corrosion regions 

after anodic polarization at 1 mA/cm2 for (a) 5, (b) 30 and (c) 120 seconds. (Another trench is also 

present on the opposite side in (a) because this is during a TEM specimen preparation.) 
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Figure 3.10 (a) SE, (b) STEM cross sectional images, and (c)-(f) the corresponding elemental EDS 

maps taken from the edge of the same localized corrosion region (the box shown in Fig. 3.7(b)) 

formed after anodic polarization at 1 mA/cm2 for 5 seconds. Yellow dashed line in (b) outlines the 

interface between corrosion region and WE43 matrix, which was determined using the O map. 

 

The average composition of the corroded region obtained from 25 separate locations 

including Nd and Y-rich precipitates is shown in Table 3.1. The average O/Mg ratio of the 

localized corrosion region is 2.1±0.3, which is close to the stoichiometry for Mg(OH)2. Selected 

area electron diffraction (SAED) also confirms the presence of Mg(OH)2 in the corrosion region 

(Fig. 3.11).  
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Table 3.1 EDS chemical composition of the localized corrosion region after anodic galvanostatic 

polarization at 1 mA/cm2 for 5 seconds averaged from 25 separate measurements. 

 O Mg Cl Y Nd Zr Gd O/Mg 

at% 65.2 31.7 1.5 1.0 0.4 0.1 <0.1 2.1±0.3 

 

 

Figure 3.11 Selected area electron diffraction (SAED) from the corrosion region compared to 

Mg(OH)2 diffraction ring pattern generated from Powder Diffraction File 44-1482. 

 

3.3.4 Cathodic Response of Anodic Polarized Samples 

It was previously suggested that the increase in the cathodic activity during anodic 

polarization may be responsible for the abnormal hydrogen evolution [39, 116]. Therefore, the 

cathodic response of the WE43 alloy after anodic polarization was also investigated. Fig. 3.12(a) 

shows selected cathodic polarization curves recorded after galvanostatic polarization at different 
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anodic current densities after 2 C/cm2 of charge passed. The cathodic polarization curve moves 

toward higher cathodic current with increasing applied anodic current density. However, when 

comparing the cathodic polarization curves without prior anodic polarization, which was immersed 

at open circuit for 10 minutes, to those after anodic polarization, the cathodic current responses are 

in the same order of magnitude and higher than most of the curves after anodic polarization, even 

though the anodic polarized sample was covered by dark localized corrosion regions (Fig. 3.12(b)) 

and the un-polarized appeared uncorroded (Fig. 3.12(c)). Also, the measured hydrogen evolution 

rates during anodic galvanostatic experiments are a few orders of magnitude higher than at open 

circuit condition. The cathodic current densities at -2.3 V vs SCE were summarized in Table 3.2. 

This suggests that the increase of catalytic activity of sample surface after the formation of dark 

localized corrosion regions may not play a dominant role in the NDE behavior on peak-aged WE43 

alloy. 

 

Table 3.2 Current densities at -2.3 V vs SCE for cathodic polarization measurements on anodic 

polarized samples after 2 C/cm2 of charge passed. 

Applied Anodic Current 

Density (mA/cm2) 

10 5 2.5 1 0.5 0.25 0.1 No prior 

polarization 

Cathodic Current 

Density at -2.3 V 

(mA/cm2) 

3.17 2.87 2.71 2.25 1.97 1.93 1.58 2.84 
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Figure 3.12 (a) Selected cathodic polarization curves of samples without prior polarization and 

after anodic polarization with 2 C/cm2 of charge passed, and the corresponding surface 

morphology right before cathodic polarization test for samples (b) anodic polarized at 10 mA/cm2 

for 2 C/cm2 and (c) immersed at open circuit for 10 minutes. 
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3.4 Discussion 

Hydrogen evolution on Mg alloys can proceed from several sources. As shown in Chapter 

2, the large hydrogen bubbles shown in Fig. 3.5 are associated with Zr-rich intermetallic particles 

containing impurity elements. These particles serve as local cathodes for hydrogen evolution and 

are the sites for the accumulation of corrosion products protecting the surrounding surface from 

corrosion. This local cathodic effect not only occurs under free corrosion but is also observed on 

the anodic polarized samples. Similar behavior was observed in a binary Mg-Fe alloy where the 

alloy surrounding Fe particles appears undissolved after anodic polarization [117]. The second 

source of hydrogen during anodic polarization comes from localized corrosion sites (Fig. 3.5). 

Under anodic polarization, the rising streams of hydrogen bubbles coming from the localized 

region are the dominant source of hydrogen, while the hydrogen evolution from the impurity 

particles becomes negligible. The hydrogen evolution rates of the aged WE43 alloy under 

galvanostatic polarization increased with both applied cathodic and anodic current densities (Fig. 

3.2), showing a clear NDE phenomenon, comparable to pure Mg [40, 120, 121] and a number of 

Mg alloys [117, 122, 123].  

The abnormal hydrogen evolution response on Mg alloys is closely related to the initiation 

and propagation of localized corrosion. The initiation of localized corrosion can be linked to the 

breakdown of the surface film, as recorded by the potential evolution under anodic polarization 

(Fig. 3.4). The breakdown of the surface film may be rationalized by the forced dissolution of Mg 

due to applied anodic currents. This localized corrosion induced by anodic polarization has been 

reported in the literature for pure Mg under anodic polarization [39, 40, 46, 118, 119]. However, 

the structure and evolution of the localized corrosion had not been fully characterized. Taheri et 
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al.‘s results [46] on pure Mg polarized in 0.01M NaCl at -1.0 V vs SCE for 0.5 hour suggest a bi-

layered structure composed of an outer Mg(OH)2/MgO layer on top of an inner MgO layer. 

Similarly, Song et al. [124] showed that, for pure Mg polarized in saturated Mg(OH)2 solution at 

0 V vs SCE for 24 hours, localized corrosion regions were composed of a loose outer layer on a 

relatively dense inner layer, and both layers consisted of a mixture of MgO and Mg(OH)2. The 

reported structures disagree with the pure Mg(OH)2 structure observed in the present work. We 

believe that the discrepancy comes from our use of a cryogenic stage limits the potential beam 

damage and modification of the corrosion film occurring during the ion thinning process of TEM 

specimens. The Mg(OH)2 structure was also confirmed by the O/Mg ratio quantification from the 

EDS mapping. The outer corrosion film reported in both reports has a needle/columnar structure, 

which is characteristic of precipitation of Mg(OH)2 from the test solution. The absence of this 

outer layer in the present work could be owing to the relatively short (5 seconds) polarization time, 

which leads to small pH fluctuation at the surface of localized corrosion regions. 

Some of the NDE models [21, 119] proposed a so-called film-free region on the alloy 

surface ahead  of the propagation front of the localized corrosion regions and in contact with the 

test solution. However, in the cross sectional characterizations shown in Figs. 3.7-10, no such film-

free region was observed at the alloy surface of the corroded/uncorroded interface. Instead, the 

observations suggest that the propagation of localized corrosion region is inside the alloy and 

expands underneath the pre-existed surface film. 

The similarities in the Nd distributions observed in corroded and uncorroded regions (Fig. 

3.10(f)) indicate that the precipitates are not dissolved during the propagation of localized 

corrosion front. Even though the precipitates are incorporated in the localized corrosion regions, 
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they are believed to play a minor role on NDE because a similar abnormal anodic hydrogen 

evolution response was also observed on precipitate-free solution-treated WE43 samples. 

To date, the detail mechanism of NDE is still unclear. However, the results in present thesis 

might provide some information about the mechanism. The ratio between the current density 

calculated from hydrogen evolution rate and the applied current density, iH2/iappl, stabilized around 

0.5 to 0.6 under large anodic polarization. Similar values were reported on not only pure Mg [20, 

31, 40, 116], but also on Mg-Li alloy [117]. However, the implication of this ratio for the localized 

corrosion mechanism is still unclear.  

Previous proposed “enhanced catalytic activity” model is believed not an important factor 

here. Indeed, while the NDE is clearly present during anodic polarization, the cathodic current 

response does not increase after anodic polarization (Fig. 3.12), in contrast with previous 

observations made on pure Mg [39, 40]. More experimental results on localized corrosion will be 

presented in next chapter and the development of the observed complex morphology of the 

corrosion front and the underlying mechanisms will be further discussed. 

 

3.5 Conclusions 

The structure and morphology of localized corrosion induced by anodic polarization, the 

hydrogen evolution response under galvanostatic polarization, and the cathodic responses after 

anodic polarization on a peak-aged WE43 alloy are investigated. The new findings are summarized 

as follows: 

1. The early stages of localized corrosion regions induced by anodic polarization was characterized 

by TEM. Localized corrosion regions, which have a porous Mg(OH)2 structure, propagate inside 
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the alloy, underneath the surface corrosion film with a finger-like propagation front. Neither a 

film-free region, interfacial or surface enrichment of elements, nor impurity particles, are observed. 

2. No enhanced cathodic activation was observed when comparing samples with and without prior 

anodic polarization, indicating the proposed “enhanced catalytic activity” of localized corrosion 

regions may not play a dominant role in the abnormal hydrogen evolution on Mg alloys during 

anodic polarization. 
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CHAPTER 4: 

Microstructure of Localized Corrosion Front on  

Pure Mg, Mg-Zn-Ca-Mn, and Mg-Y Alloys3 

 

4.1 Motivation 

In Chapter 3, microstructure of localized corrosion initiated by anodic polarization was 

revealed on WE43 alloy. However, the propagation of localized corrosion and the relationships 

with underlying alloy structure, such as grain orientation and grain boundaries, are still unclear. 

Furthermore, localized corrosion also occurred during free immersion on some Mg alloys. 

Whether the localized corrosion mechanism is the same under free corrosion and anodic 

polarization or not is unknown. Therefore, Mg alloys with different chemistry and microstructure 

were investigated under both free immersion and anodic polarization in NaCl solutions in this 

chapter. The Mg alloys studied are a pure Mg for reference, a Mg-Zn-Ca-Mn alloy with μm-sized 

grain, where interfacial enrichment of Zn at the corrosion region/alloy interface was proposed to 

contributes to “enhanced catalytic/cathodic activity” [49, 51], and a solution treated binary Mg-Y 

alloy with mm-sized grain, where a solid solution of Y was linked to an improved corrosion 

                                                             
3 The results presented in this chapter were submitted and to be published in: 

P.W. Chu, E.A. Marquis, Microstructure of Localized Corrosion Front on Mg Alloys and the 

Relationship with Hydrogen Evolution, Corros. Sci., under review (2017). 
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resistance [37]. Localized corrosion behavior and hydrogen evolution responses on the Mg alloys 

will be discussed based on microscopic observations and electrochemical quantifications. 

 

4.2 Materials and Methods 

4.2.1 Materials and Sample Preparation 

A 99.9 wt% pure Mg was provided by Canmet Materials, the Mg-Zn-Ca-Mn alloy was 

supplied by nanoMag, LLC, and the Mg-Y alloy was provided by Magnesium Elektron Ltd. The 

chemical compositions measured by inductively coupled plasma mass spectrometer (ICP-MS) are 

given in Table 4.1. Pure Mg and the Mg-Zn-Ca-Mn alloy were studied in the as-received state, 

while the Mg-Y alloy was solution treated at 550oC for 24 hours. Samples were cut and mounted 

in Buehler EpoThin epoxy with an exposed surface area of 1.45 cm2 for the pure Mg and 1 cm2 

for Mg-Zn-Ca-Mn and Mg-Y alloys. All reported hydrogen evolution rates and current densities 

were normalized with respect to the exposed surface area. A Teflon insulated silver plated copper 

wire was connected to the rear side for electrical connection. Before tests, samples were ground to 

1200 grit in an alcohol-based lubricant, cleaned with anhydrous alcohol, and dried in flowing dry 

air. 

 

4.2.2 Corrosion and Electrochemical Tests 

Free immersion without external polarization was performed in a 1M NaCl solution, while 

samples under anodic polarization were tested in a 0.1M NaCl solution. All test solutions were 

prepared with laboratory grade reagents and deionized water. Solutions were not deaerated. 125 

mL of solution was used in each test. A conventional three-electrode configuration was used with 
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the Mg alloy as working electrode, a saturated calomel electrode (SCE) as reference electrode, and 

a high-density graphite bar as counter electrode. An Ivium Vertex potentiostat/galvanostat 

controlled by IviumSoft software was used for all tests. An AmScope stereo microscope with a 

CCD camera was used to record the surface morphology change and hydrogen evolution sites 

during tests.  

 

Table 4.1 Chemical composition and impurity level of the studied Mg alloys measured by ICP-

MS (wt%). 

Sample Fe Ni Cu Al Zn Ca Mn Y 

Pure Mg 0.002 0.0003 0.0006 0.004 0.009 0.05 0.002 - 

Mg-Zn-Ca-Mn 0.002 0.0005 0.002 0.04 1.30 0.41 0.53 - 

Mg-Y <0.005* <0.002* <0.02* <0.01* - <0.01* <0.03* 1.05 

* Impurity level from industry standard AMS4371. 

 

Galvanostatic polarizations with current density of 1 and 10 mA/cm2 were applied to 

investigate the localized corrosion behavior and hydrogen evolution responses under anodic 

polarization. Samples were held under open circuit for 10 minutes to reach a stable potential before 

application of the polarization. An upside-down centrifuge tube filled with the test solution was 

placed over the sample during the tests to collect evolved hydrogen gas and monitor the hydrogen 

evolution rate. A total charge of 10 C/cm2 was passed for all tested conditions. Details about 

quantification of the hydrogen evolution rate can be found in Chapter 3. A Thermo Scientific 
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XSeries 2 ICP-MS was used to quantify the amount of Mg2+ dissolved into the solution after anodic 

polarization tests. All tests were performed at least twice and exhibited good reproducibility. 

 

4.2.3 Microstructure Characterization 

Samples for electron backscatter diffraction (EBSD) were ground and polished down to 

0.05 μm colloidal silica, and etched with 5 mL nitric acid, 15 mL acetic acid, 20 mL water, and 60 

mL ethylene glycol for 3 seconds. EBSD was performed with a Tescan MIRA3 scanning electron 

microscopy (SEM) equipped with an EDAX EBSD detector operating at 20 kV. The EBSD 

patterns were identified by an EDAX TEAM software and analyzed with a TSL orientation 

imaging microscopy (OIM) software. 

Grain boundary chemistry of Mg-Y alloy was analyzed by atom probe tomography (APT). 

APT samples were prepared with a site specific liftout process along the grain boundary [125] with 

a FEI Helios Nanolab 650 SEM/focused ion beam (FIB) dual-beam system. Atom probe 

tomography was performed with a Cameca local electrode atom probe (LEAP) 5000 XR operated 

in voltage mode.  A specimen temperature of 50 K, a detection rate of 0.005 atoms per pulse using, 

a voltage pulse fraction of 20%, and a repetition rate of 200 kHz were used for data collection. 

Data reconstruction and analysis were performed using the Integrated Visualization and Analysis 

Software (IVAS) package 3.6.12. 

Immediately after corrosion and electrochemical tests, selected samples were removed 

from the test solutions, rinsed with deionized water, and transferred immediately to a FEI Helios 

Nanolab 650 SEM/FIB dual-beam system for microstructure characterization. Cross sectional 

observations were performed by protecting the region of interest with a Pt layer, followed by site-
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specific ion beam milling and SEM imaging. A standard liftout process was used for preparing 

cross section TEM samples [102], with the surface protected by a deposited Pt layer and a final 

cleaning step with 2kV Ga ions. A Leica cryogenic stage (T~150 K) was used during the thinning 

process to minimize ion beam induced degradation of the corrosion products (Appendix I). 

A JEOL 2010F TEM was used to perform cross sectional observations and electron 

diffraction analysis. A Gatan 636 cooling holder (T=150 K) was used during TEM observations 

to minimize damage of the corrosion product during imaging (Appendix I). Diffraction d-spacings 

were calibrated with the top Pt protective layer. X-ray energy dispersive spectroscopy (EDS) 

mapping was performed using a Hitachi HD-2300A scanning transmission electron microscopy 

(STEM) equipped with an Oxford EDS detector, and EDS spectrum images were analyzed using 

the Oxford INCA software. 

 

4.3 Results 

4.3.1 Alloy Microstructures 

Alloy microstructures were characterized before corrosion and electrochemical tests. Pure 

Mg had a grain size of about 1 mm (Fig. 4.1(a)), with few μm-sized particles containing Fe shown 

in Fig. 4.2(a). The Mg-Zn-Ca-Mn alloy consisted of an average grain size of about 3 μm (Fig. 

4.1(b)), with 50-100 nm Mn-rich precipitates and 200-300 nm Zn- and Ca-rich precipitates 

dispersed inside the grains (Fig. 4.2(b)). Segregation of Zn and Ca to grain boundaries was 

observed by EDS mappings (Fig. 4.2(c)). Very occasionally, μm-sized Mn-rich particles 

containing minor amounts of Al and Fe with a similar morphology and size as shown in Fig. 4.2(a) 

were also observed. The Mg-Y alloy had an average grain size of about 1.8 mm (Fig. 4.1(c)), with 
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few μm-sized particles containing Fe that were similar in size to those observed in pure Mg. APT 

analyses revealed Y segregation to grain boundaries and a random solid solution of Y within the 

grains (Fig. 4.3). 

 

 

Figure 4.1 Grain structure of the investigated alloys. (a) pure Mg, (b) Mg-Zn-Ca-Mn, and (c) Mg-

Y alloys. (a) and (c) are optical microscopy (OM) images, and (b) is a SEM secondary electron 

(SE) image.  Samples were etched with Acetic Glycol for 10 seconds. 
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Figure 4.2 (a) a SEM back-scattered electron (BSE) image of a Fe-rich impurity particle on pure 

Mg. (b) high angle annular dark field (HAADF) STEM image of the precipitates structure in Mg-

Zn-Ca-Mn alloy with the corresponding EDS elemental maps of Mn, Zn, and Ca. (c) phase- 

contrast bright field (BF) STEM image of a grain boundary in Mg-Zn-Ca-Mn alloy with the 

corresponding EDS elemental maps of Zn and Ca. 
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Figure 4.3 (a) APT reconstruction of a volume containing a grain boundary with Y segregation. 

(b) 1D concentration profile across the grain boundary (obtained using a cylinder of 10 nm 

diameter). 

 

4.3.2 Localized Corrosion and Hydrogen Evolution Sites 

Localized corrosion behavior under free immersion without external polarization was first 

investigated. Fig. 4.4 shows the surface morphology of the alloys immersed in 1M NaCl solutions 

for 1 hour. All investigated alloys exhibited localized corrosion. Localized corrosion on pure Mg 

propagated with a circular front (Fig. 4.4(a)). The circular form of the corrosion front agrees with 
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prior report on pure Mg under high Cl- concentration [18]. On the Mg-Zn-Ca-Mn alloy, multiple 

sites initiated localized corrosion with filiform-like tracks spreading over the alloy surface (Fig. 

4.4(b)). In contrast, localized corrosion on Mg-Y alloy in 1M NaCl appeared as a more continuous 

region but occurred on certain grains and stopped at grain boundaries (Fig. 4.3(c)).  

 

 

Figure 4.4 Surface corrosion morphology of (a) pure Mg, (b) Mg-Zn-Ca-Mn alloy, and (c) Mg-Y 

alloys immersed in 1M NaCl solution for 1 hour. White arrows indicate the localized corrosion 

regions. Dashed curve in (a) marked the circular propagation front. 

 

The large hydrogen bubbles seen in Fig. 4.4 were explained as originating from local 

cathodic sites on second phase particles containing impurity elements (Fig. 4.2(a)) as described in 

previous chapters. Higher magnification observations of the propagation fronts of localized 

corrosion revealed that hydrogen originates at the propagation fronts in all three alloys (Fig. 4.5). 

Little to no hydrogen evolution was observed in the dark filiform-like tracks left behind.  

Similar hydrogen evolution behavior is observed under anodic polarization using a 0.1M 

NaCl solution. Fig. 4.6 shows the actively propagating localized corrosion regions and hydrogen 

evolution sites on the Mg-Zn-Ca-Mn alloy that was anodically polarized at 1 mA/cm2. Again, fine 



77 

 

streams of hydrogen bubbles evolved dominantly at the actively propagating localized corrosion 

fronts. The morphology of localized corrosion on the three alloys after anodic polarization at 10 

mA/cm2 for 100 seconds were qualitatively similar as revealed from the SEM images in Fig. 4.7. 

Localized corrosion under anodic polarization initiated in multiple locations and propagated as 

filiform-like tracks, similar to those observed on the Mg-Zn-Ca-Mn alloy under free immersion 

(Fig. 4.2(b)). The width of the corrosion tracks was wider on pure Mg than on Mg-Zn-Ca-Mn and 

Mg-Y alloys.  

 

4.3.3 Microstructure Characterization of Localized Corrosion Fronts 

Actively propagating localized corrosion fronts, associated with the evolving streams of 

hydrogen, after both free immersion and anodic polarization were investigated in cross sections by 

site-specific FIB sectioning. A representative cross section for the Mg-Zn-Ca-Mn alloy after free 

immersion in 1M NaCl for 1 hour is shown in Fig. 4.8. Similar observations were made on pure 

Mg and Mg-Y alloy after free immersion. 

A surface corrosion film about 500 nm to 1 μm thick was present on top of the alloy ahead 

of the localized corrosion region. Localized corrosion appeared to propagate underneath this 

surface film and inside the alloy. Finger-like morphologies were identified at the propagating 

corrosion region/alloy interface. The morphology of the bottom interface appeared to follow the 

alloy grain structure and exhibited a continuous interface, indicating a possible correlation of the 

localized corrosion propagation with grain boundaries. Further evidence is visible in Fig. 4.12 

below. No film-free region at the propagating corrosion front was observed. The cracks observed 

in the corrosion products did not extend into the underlying alloy. These cracks likely formed by 

accumulation and breakout of hydrogen gas in the corrosion products or by dehydration of 
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Mg(OH)2 once the samples were taken out of solution. Very similar cross sectional observations 

were made on the three alloys under anodic polarization (Fig. 4.9). 

 

 

Figure 4.5 High magnification observation of actively propagating fronts of the localized corrosion 

on (a) pure Mg, (b) Mg-Zn-Ca-Mn, and (c) Mg-Y alloys in 1M NaCl solution. Red arrows indicate 

the propagation direction of localized corrosion. 
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Figure 4.6 High magnification observation of actively propagating localized corrosion regions on 

Mg-Zn-Ca-Mn alloy in 0.1M NaCl solution under anodic polarization at 1 mA/cm2 for 300 seconds. 

Regions arrowed in the figure indicate some of the hydrogen evolution sites. 
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Figure 4.7 Surface corrosion morphology observed by SEM for (a) pure Mg, (b) Mg-Zn-Ca-Mn, 

and (c) Mg-Y alloys in 0.1M NaCl solution after anodic polarization at 10 mA/cm2 for 100 seconds. 

Regions arrowed in the figure indicate some of the localized corrosion regions. (All images are 

secondary electron images taken with 5kV electron beam using Everhart-Thornley detector.) 
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Figure 4.8 Cross sectional SEM image of an actively propagating localized corrosion front on Mg-

Zn-Ca-Mn alloy immersed in 1M NaCl solution for 1 hour. The red arrow indicates the propagation 

direction. (Secondary electron image taken with 5kV electron beam using through lens detector.) 

 

 

Figure 4.9 Cross sectional SEM image of a propagating localized corrosion region for (a) pure Mg, 

(c) Mg-Zn-Ca-Mn, and (e) Mg-Y alloys in 0.1M NaCl solution after anodic polarization at 10 
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mA/cm2 for 100 seconds. The red arrows indicate the propagation direction. (All images are 

secondary electron images taken with 5kV electron beam using through lens detector.) 

 

The interaction of localized corrosion propagation with grain boundaries was confirmed 

by correlative study of EBSD grain orientation mapping and in-situ corrosion monitoring. The 

EBSD grain orientation map of a Mg-Y sample is shown in Fig. 4.10(b). During free immersion 

in 1M NaCl solution, localized corrosion propagation initiated in one grain on the edge of the 

sample, propagated across the surface and stopped at some of the grain boundaries (Fig. 4.10(a)), 

which was confirmed by site-specific SEM cross sections (Fig. 4.10(c) and (d)). After prolonged 

immersion, localized corrosion crossed the grain boundary and started propagate in the nearby 

grain, indicating the blocking effect of grain boundary might be temporary. Furthermore, the 

finger-like features at the localized corrosion/alloy interface exhibit preferential alignment on the 

(0001) basal planes.  

 

 

Figure 4.10 (a) Corrosion morphology of a Mg-Y sample after free immersion in 1M NaCl solution 

for 100 minutes and (b) the corresponding EBSD grain orientation map. (c) and (d) Cross sectional 
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SEM images of localized corrosion fronts stopping at grain boundaries (secondary electron images 

taken with 5kV electron beam using through lens detector). Locations of the cross sections are 

indicated by the white rectangles in (a). 

 

To better understand the microstructure of the propagation front, cross sectional 

TEM/STEM observations were performed on propagating localized corrosion fronts on the Mg-

Zn-Ca-Mn alloy under both free immersion and anodic polarization conditions, as shown in Fig. 

4.11 and 4.12, respectively. Bright field (BF) TEM (Fig. 4.11(a)) revealed a nano-porous structure 

of the corrosion region, and propagation of localized corrosion underneath a surface film and inside 

the alloy with finger-like features at the corrosion region/alloy interface was confirmed (Fig. 

4.12(a)). Electron diffraction analysis revealed the corrosion product has a Mg(OH)2 structure (Fig. 

4.11(b) and 4.12(b)). STEM/EDS mappings also confirmed that the corrosion region is mainly 

composed of O and Mg (Fig. 4.11(e), (f) and Fig. 4.12(e), (f)), while minor amount of Cl was 

uniformly present (Fig. 4.11(g) and Fig. 4.12(g)). A Zn enrichment was observed at the interface 

between the Mg-Zn-Ca-Mn alloy and surface corrosion film for the sample under free immersion 

(Fig. 4.11(h)), which remained visible even after localized corrosion propagated underneath. 

However, no obvious Zn enrichment was observed at the surface corrosion film/alloy interface on 

the sample under anodic polarization (Fig. 4.12(h)). The reason behind the difference in Zn 

segregation at the surface film/alloy interface under two different test conditions is unclear. In both 

cases, no Zn enrichment at the corrosion region/alloy interface was observed. Zn, as well as Ca 

and Mn, were observed in fine precipitates, with no difference in their size and spatial distribution 

in the uncorroded alloy and in the localized corrosion region. With the exception of the precipitates, 
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similar microstructures were observed on pure Mg, Mg-Y alloy, and had been reported in previous 

chapter on the WE43 alloy after anodic polarization. 

 

 

Figure 4.11 (a) High magnification bright field (BF) TEM image of the localized corrosion region 

on Mg-Zn-Ca-Mn alloys immersed in 1M NaCl solution for 1 hour and (b) the corresponding 

electron diffraction pattern. The reference Mg(OH)2 diffraction ring pattern was generated from 

Powder Diffraction File 44-1482. Cross sectional (c) secondary electron (SE) and (d) high angle 

annular dark field (HAADF) STEM image of the active propagating localized corrosion front with 

the corresponding EDS elemental maps of (e) O, (f) Mg, (g) Cl, and (h) Zn. The red arrows in (c) 
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and (d) indicate the propagation direction. Dashed lines in (c) and (d) outline the interface between 

film/localized corrosion region and localized corrosion region/alloy, respectively. 

 

 

Figure 4.12 Cross sectional (a) bright field (BF) TEM, (c) secondary electron (SE), and (d) high 

angle annular dark field (HAADF) STEM images of an actively propagating localized corrosion 

front on Mg-Zn-Ca-Mn alloys in 0.1M NaCl solution after anodic polarization at 10 mA/cm2 for 

100 seconds, and (b) the corresponding electron diffraction pattern of the corrosion region and 

EDS elemental maps of (e) O, (f) Mg, (g) Cl, and (h) Zn. The reference Mg(OH)2 diffraction ring 

pattern was generated from Powder Diffraction File 44-1482. The red arrows in (a), (c), and (d) 
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indicate the propagation direction. Dashed lines in (a) and (d) outline the interface between 

localized corrosion region and alloy. 

 

4.3.4 Hydrogen Evolution Responses under Anodic Polarization 

Hydrogen gas was collected during anodic polarization tests to quantify the hydrogen 

evolution rate under different conditions. The average hydrogen evolution rates after a total passed 

charge of 10 C/cm2 were plotted against the applied anodic current density for all tested alloys 

(Fig. 4.13(a)). A 0.1M Na2SO4 solution was also used to investigate hydrogen evolution response 

in the absence of chloride ions. For all tested conditions, hydrogen evolution rate increased with 

increasing applied anodic current density, confirming that the negative difference effect is a 

universal phenomenon for all tested Mg alloys with and without Cl-. However, the hydrogen 

evolution rate on a particular alloy was always higher in NaCl solutions than in Na2SO4 solutions.  

The total amount of Mg2+ dissolved into the test solution during anodic polarization tests 

was quantified by ICP-MS. The corrosion product inside the localized corrosion regions and on 

the alloy surface as corrosion film, which was mainly Mg(OH)2, was not dissolved and taken into 

the quantification. Therefore, the amount of Mg2+ determined by ICP-MS corresponds to Mg that 

dissolved into the test solution, and did not form corrosion product or had re-dissolved during the 

tests. The amount of Mg2+ was then converted to the unit of current density by assuming each Mg2+ 

is directly related to two electrons. The average hydrogen evolution rates were also converted to 

the unit of current density by assuming ideal gas behavior of hydrogen [28]. These quantified 

values are summarized in Fig. 4.13(b) for the tests at anodic current density of 10 mA/cm2 after 

10 C/cm2 of charge passed. Under all test conditions, the current density calculated from the 

amount of Mg2+ dissolved into the test solution was always comparable to the applied anodic 
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current density. The current density calculated from the average hydrogen evolution rate, however, 

varied with both alloy microstructure and solution chemistry. 

 

 

Figure 4.13 (a) Average hydrogen evolution rates of the investigated alloys in 0.1M NaCl and 

0.1M Na2SO4 solutions as a function of applied anodic current density. The error bars shown here 

are the standard deviations of the slopes during collection of hydrogen as described in previous 

chapter. (b) Comparison of average hydrogen evolution rates and amounts of Mg2+ dissolved in 

the test solutions to the applied current density. (A total charge of 10 C/cm2 was passed for all 

tests.) 
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4.4 Discussion 

The three investigated alloys exhibited localized corrosion when tested under both free 

immersion and anodic polarization with similar corrosion characteristics. Localized corrosion 

propagated laterally underneath the surface corrosion film and inside the alloy, which remained 

shallow in depth with a thickness within 2 and 5 μm depending on alloy grain size. Hydrogen 

evolution primarily took place at the propagating corrosion fronts. The corrosion products had 

similar chemistry and porous structure. We will first review these common characteristics in light 

of the existing literature, before a more general discussion of the corrosion mechanisms and origin 

of some of the observed differences in corrosion morphologies. 

Agreeing with Chapter 3, the microstructure of localized corrosion tracks in NaCl 

solutions was primarily nano-porous Mg(OH)2. While other reports identified a MgO structure [49, 

50] or aggregates of nanocrystalline MgO with a porous Mg(OH)2 network [51], the presence of 

MgO as the corrosion products is understood in terms of decomposition of the corrosion products 

during post-immersion characterization. Indeed, it was shown that the transformation of Mg(OH)2 

to MgO by dehydration can be mitigated by the use of cryogenic stage during FIB milling 

(Appendix I).  

Through careful selection of the characterization locations to correspond to the active 

propagation sites, the present observations unambiguously revealed that the propagation front was 

constituted of localized corrosion tracks with finger-like features at the corrosion region/alloy 

interface. The preferential alignment of the finger-like features is reminiscent of the observed 

nanoscale canyon-like features developing along the (0001) planes underneath the localized 

corrosion regions in pure Mg [126] and AZ31 [127]. The discrepancy of interfacial structure with 

prior reports [49, 50] that highlighted smooth interfaces between alloy and corrosion regions can 
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be understood by considering the selected analysis locations. These past studies were performed 

on localized corrosion tracks at least 20 μm away from the propagation fronts, and therefore were 

no longer the sites of active hydrogen evolution. In fact, this is consistent with the present 

observations showing a smooth interface along grain boundaries at the bottom of the corrosion 

layer (Fig. 4.8 and 4.9(b)) that is no longer actively propagating. In addition, it may be that the 

localized corrosion front characterized in Ref. [51] stopped at a grain boundary with Zn 

segregation, which would be consistent with the present grain boundary chemistry shown in Fig. 

4.2(c) and 4.8. However, it is clear that more work is needed to understand the morphology and 

chemistry of the corrosion microstructure, and the possible role of different Zn concentrations.  

Rising streams of hydrogen bubbles always followed the actively propagating localized 

corrosion fronts (Fig. 4.5 and 4.6). This observation not only agrees with past literature on Mg 

alloys tested under free immersion [34, 44, 45, 53, 54, 90, 91], but also confirmed the observations 

by Fajardo et al. [40, 41, 55] that the abnormal hydrogen evolution on Mg alloys under anodic 

polarization is primarily associated with regions of anodic dissolution. Even though the cathodic 

localized corrosion tracks left on the surface could promote localized corrosion propagation by 

galvanic coupling under free immersion, they are not responsible for the hydrogen evolution 

observed here. 

Comparison of the hydrogen evolution responses under anodic polarization in the presence 

or absence of chloride ions (0.1M Na2SO4 solution in this study) showed that Cl- is not necessary 

for the abnormal increase in hydrogen evolution rate to occur in agreement with prior work [30, 

124, 128]. However, the presence of Cl- in the solution promoted the dissolution of Mg under 

anodic polarization, leading to faster hydrogen evolution rates in each alloy (Fig. 4.13). 
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Because of the commonalities in characterized microstructure and electrochemical 

quantification, localized corrosion and the hydrogen evolution reaction under anodic polarization 

can be reasoned as follows for Mg alloys. The corrosion reactions of Mg in aqueous solutions are 

commonly written as [129]: 

Mg → Mg2+ + 2e− (4.1) 

2H2O + 2e− → 2OH− + H2 (4.2) 

Mg2+ + 2OH− → Mg(OH)2 (4.3) 

Where reaction 4.1 is the anodic dissolution of Mg, reaction 4.2 is the cathodic reduction of water 

and hydrogen evolution, and reaction 4.3 is the precipitation of Mg(OH)2 by reaction between 

Mg2+ and OH-. The incorporation of Cl throughout the corrosion products confirms that 

propagation of localized corrosion happens by reaction between the alloy and the test solution, 

requiring ions and water molecules to pass through the porous corrosion products to reach the 

corrosion region/alloy interface. The balance of electrical flow can also be written as: 

𝑗appl + 𝑗H2 = 𝑗Mg2+ + 𝑗Mg(OH)2 (4.4) 

Where 𝑗appl  is the applied anodic current and represents electrons collected by the 

potentiostat/galvanostat, 𝑗H2
stands for electrons involved in hydrogen evolution through reduction 

of water (reaction 4.2), 𝑗Mg2+ for Mg2+ ions dissolved into the test solution measured by ICP-MS, 

and 𝑗Mg(OH)2 for the Mg2+ reacting with OH- to form Mg(OH)2 in the corrosion regions. Fig. 4.13(b) 

shows that 𝑗appl ≈ 𝑗Mg2+ for all test conditions, and thus 𝑗H2
≈ 𝑗Mg(OH)2, which agrees with prior 

observations on pure Mg [30, 31]. This last relationship implies that the amount of hydrogen 

evolution is equal to the amount of localized corrosion products formed.  
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Comparison between the penetration depths of localized corrosion shown in Fig. 4.8 and 

4.9, shows that application of anodic polarization did not increase the localized corrosion depth 

compared to free immersion. However, it promoted localized corrosion by increasing the number 

of localized corrosion sites (Fig. 4.4 and 4.7), and accompanied hydrogen evolution rate. 

While the present observations found that the ratio between calculated current density 

associated with hydrogen evolution and applied current density is close to 1 when tested in NaCl 

solution (Fig. 4.13(b)), it is not always so. A current density ratio between hydrogen evolution and 

external applied current (𝑖H2
𝑖appl⁄ ) of about 0.5 to 0.6 was reported on pure Mg [40, 117], Mg-Li 

alloy [117], and the Mg-Y-Nd-Zr alloy in Chapter 3. What controls the rates of dissolution 

reaction of Mg and associated hydrogen evolution reaction and this ratio is still unclear. However, 

these alloys differ by their microstructures and chemistry. In fact, the present observations point 

to the role of alloy microstructure and chemistry. While the overall localized corrosion response 

is similar for all three alloys, the number density of localized corrosion sites and width of the 

corrosion tracks differed significantly. Two possible factors are grain size and grain boundary 

chemistry. The circular propagation front in pure Mg indicates that grain boundaries play no 

particular role in this material where no solute are present to segregate at grain boundaries. 

Alternatively, localized corrosion propagation on the Mg-Zn-Ca-Mn and Mg-Y alloys was 

observed to stop at certain grain boundaries. In both alloys, significant solute segregation to grain 

boundaries is observed (Fig. 4.2(c) and 4.3), which momentarily stopped the propagation of the 

corrosion front. We suspect that the windy localized corrosion pattern on Mg-Zn-Ca-Mn compared 

to the continuous patterns forming on Mg-Y is related to the noticeably smaller grain size of the 

Mg-Zn-Ca-Mn alloy, however the exact mechanism remains to be clarified.  
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4.5 Conclusions 

Site-specific characterization on localized corrosion fronts in three different Mg alloys 

under both free immersion and anodic polarization conditions in NaCl solutions was performed to 

understand localized corrosion behavior and underlying mechanisms. The new findings are 

summarized as follows: 

1. Site-specific cross sectional SEM observations and TEM/STEM imaging revealed that the 

localized corrosion regions under all test conditions were propagating inside the alloy and 

underneath a surface corrosion film that had formed during immersion. A finger-like morphology 

with preferential propagation on (0001) planes was identified at the propagating corrosion 

region/alloy interface.  

2. Regardless of the test conditions, rising streams of hydrogen bubbles always evolved at the 

actively propagating localized corrosion fronts. By electrochemical quantifications, hydrogen 

evolution under anodic polarization was found to be related to the formation of localized corrosion 

products and follows local anodic dissolution of Mg. 

3. Significant differences were observed in the density of localized corrosion sites, direction of 

propagation, and in the morphology of the localized corrosion tracks, which appeared to correlate 

with alloy grain size and grain boundary chemistry. 
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CHAPTER 5: 

Summary and Future Directions 

 

5.1 Summary 

Corrosion behavior in aqueous solutions for pure Mg and Mg alloys with different 

chemistry and microstructure were investigated with a combination of multiscale characterization 

techniques and electrochemical analysis. The main findings are summarized as follow: 

1. The cathodic Zr-rich impurity particles in Mg-Y-Nd-Zr alloy induced a microgalvanic effect on 

the alloy, resulting in evolution of large hydrogen bubbles and formation of Mg(OH)2 corrosion 

domes on alloy surface. (Chapter 2) 

2. A bi-layered surface corrosion film structure was revealed on the Mg-Y-Nd-Zr alloy under free 

corrosion. It consisted of a porous outer Mg(OH)2 layer on top of an inner MgO layer. (Chapter 

2) 

3. The fine scale precipitates formed after aging treatment in Mg-Y-Nd-Zr alloy interacted with 

corrosion reaction fronts and slowed down the overall corrosion rate. (Chapter 2) 

4. Localized corrosion on all investigated alloys consisted of a porous Mg(OH)2 structure and 

propagated laterally underneath the surface corrosion film a few μm inside the alloy. A finger-like 
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morphology, aligned with the (0001) basal planes, was identified at the localized corrosion/alloy 

interface. (Chapter 3 and 4) 

5. Segregation of alloying elements to the grain boundaries was found to stop the localized 

corrosion propagation momentarily. (Chapter 4) 

6. Rising streams of hydrogen bubbles were found to follow the anodic dissolution of Mg and 

formation of corrosion products at the localized corrosion fronts, resulting in the observed negative 

difference effect. (Chapter 3 and 4) 

Based on the characterized corrosion microstructure, a schematic description for the 

corrosion behavior on Mg alloys is proposed, as shown in Fig. 5.1. The Mg alloy in the illustration 

(Fig. 5.1(a)) contains impurity particles, fine scale precipitates throughout the grain, and 

segregation of alloying elements to the grain boundaries, which is a typical microstructure for 

commercial heat-treated Mg alloys. When exposed to air, a natural MgO layer forms on the Mg 

alloy. After being immersed in aqueous solutions (Fig. 5.1(b)), a uniform bi-layered surface 

corrosion layer forms on the surface, while microgalvanic couples develop between second phases 

and the Mg matrix. The surface corrosion film thickness on different grains varies because of 

different corrosion rates. The impurity particles, which contains noble elements, have the highest 

potential with respect to the Mg matrix. Therefore, a microgalvanic effect is triggered and cathodic 

reaction preferentially occurs on the impurity particles, resulting in evolving large hydrogen 

bubbles attached to the surface, local increase in pH, and the formation of Mg(OH)2 corrosion 

domes. 

At some point, localized corrosion initiates on the alloy surface, and propagates laterally 

inside the alloy and underneath the surface corrosion film (Fig. 5.1(c)). The localized corrosion 

fronts are focal anodic sites. Rising streams of hydrogen bubbles follow local dissolution of Mg 
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and evolve at the corrosion fronts. At the localized corrosion/alloy interface, finger-like features 

develop along the (0001) basal planes. Fine scale precipitates are incorporated into the localized 

corrosion region and do not impinge the localized corrosion propagation. After further immersion 

(Fig. 5.1(d)), localized corrosion propagation might be stopped by the grain boundaries with 

alloying element segregation. Meanwhile, the dome structure on top of the impurity particles 

continues to grow and cathodically protects the surrounding regions. 

 

5.2 Future Directions 

5.2.1 Corrosion Mechanisms 

Elucidating the detailed mechanism of NDE is crucial to mitigating corrosion and hydrogen 

evolution response for different applications. We unambiguously showed that the rising streams 

of hydrogen bubbles, which contributes to the NDE, follow the local anodic dissolution of Mg, 

however the reaction sequences and species involved are still unclear. Recent computational work 

simulated the water reduction and hydrogen evolution reaction on the Mg surface to understand 

the reaction kinetics [130]. However, it was clearly shown that localized corrosion was propagating 

inside the alloy and underneath the surface corrosion film, implying there is no direct contact of 

Mg with the solution. The corrosion mechanism is therefore more complicated than simple surface 

reactions between Mg and water, and the corrosion products also need to be considered. 

Furthermore, the complex finger-like features at the corrosion fronts might also play an important 

role in controlling the anodic dissolution and hydrogen evolution reactions by changing the local 

electric field distribution.  
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As shown in prior studied [131, 132], the amount of hydrogen evolution under anodic 

polarization was suppressed when tested in a buffered aqueous solution, indicating the pH value, 

especially at the propagating localized corrosion fronts where hydrogen was evolving, might play 

an important role in NDE. As presented in Chapter 4, the abnormal hydrogen evolution showed 

a correlation with the formation of Mg(OH)2 localized corrosion products, which is stable only 

under elevated pH value. Future development of high spatial resolution localized pH monitoring 

technique, as well as improvement of the spatial resolution of in situ localized electrochemical 

techniques to monitor surface reactions, such as SVET [18, 19] and SECM [32, 33] mentioned in 

previous chapters, might provide further insights about the NDE mechanism. 

Hydrogen evolution rate has long been used as an index for corrosion rate of Mg alloys. 

However, the widely-applied hydrogen collection method [101] cannot resolve the instantaneous 

corrosion behavior on Mg alloys. Recent innovations for hydrogen evolution monitoring, such as 

gravimetric hydrogen measurement [133] and electrochemical balance [134], might uncover the 

missing information about not only NDE but the general corrosion behavior of Mg alloys. 

The results presented in this thesis focused on the short-term corrosion behavior of Mg 

alloys. However, in field applications, Mg alloys are exposed to corrosive environments for 

months (biomedical applications) to years (automotive applications). While providing unique 

insights into the initiation and propagation of corrosion, it is unclear if the results of short-term 

corrosion tests can be extrapolated to estimate long term corrosion behavior. An open question is 

for instance whether the corrosion mode changes once the surface is entirely covered by corrosion 

products. Therefore, long term corrosion behavior will need to be investigated and included in the 

design of Mg alloys for practical applications. 
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5.2.2 Alloy Investigation and Design 

Addition of alloying elements is still one of the most important factors that controls the 

corrosion response of Mg alloys. As reviewed in Chapter 1, change in chemistry of Mg can 

dramatically alter the cathodic and anodic responses of the alloy, resulting in change of corrosion 

response. Recently, novel Mg alloys with extraordinary high amount of alloying addition, such as 

Mg-38 at%Ti [135] and Mg-30 wt%Li [136] were produced by sputtering or complex thermo-

mechanical process. These alloys can provide crucial information about the effect of different 

alloying elements and possible route to achieve superior corrosion resistive Mg alloys. Indeed, 

keeping the amount of alloying addition below the tolerance limit to prevent formation of harmful 

second phases is one of the most important factors when designing Mg alloys with better corrosion 

resistance. However, as presented in Chapter 2, Nd and Y rich fine scale precipitates do not induce 

microgalvanic acceleration of corrosion rate but improve the corrosion resistance by interacting 

with the corrosion reaction front, indicating the formation of second phases is not always harmful 

to corrosion properties. Similar improvement of corrosion resistance was reported in Mg alloys 

with finely dispersed long-period short stacking (LPSO) precipitates [137], suggesting a possible 

route to simultaneously improve the mechanical properties and corrosion resistance of Mg alloys. 

As presented in Chapter 4, grain boundary segregation of alloying elements was shown to stop 

the localized corrosion propagation momentarily. Therefore, developing a Mg alloy with proper 

grain boundary segregation might be another possible route of creating an effective corrosion 

barrier. However, selection of alloying elements and heat treatment might be critical and warrants 

further investigation. Grain size might not play a dominant role in the corrosion behavior of Mg 

alloys; however, it is still important to decouple its effect with other factors such as second phases. 

As reviewed in Chapter 1, it was shown that smaller grain size in Mg alloys resulted in slower 
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corrosion rate. Whether there is a lower limit of grain size that the corrosion rate would stop 

decreasing is unknown.  
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Figure 5.1 Schematic illustration of corrosion mechanism on Mg alloys. (a) to (d) shows the 

temporal evolution of a Mg alloy immersed in a NaCl solution. The grain on the right shows the 
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microgalvanic effect induced by the impurity particles, while the grain on the left shows the 

localized corrosion propagation inside the alloy.
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APPENDICES 

Appendix I Mitigation of Ion and Electron Beam Damage on the Corrosion Film with 

Cryogenic Stage 

It was noted previously [56, 58, 62] that degradation of the surface corrosion film on Mg 

alloys takes place during TEM observation. Formation of MgO crystals [56, 57] was reported in 

the corrosion layer after prolonged observation by TEM. To remediate this issue, cryogenic sample 

stages (T~150 K) for both SEM/FIB and TEM instruments were used to clarify the amount of 

damage induced the Ga ion beam and electron beam and properly interpret the observations. Fig. 

A.1 compares two cross sectional TEM liftout samples taken from close locations on the surface 

corrosion film of a solution-treated WE43 alloy immersed for 1 hour. One sample was thinned 

using the cryogenic SEM/FIB stage and the other without the stage. The corrosion film is more 

porous and less crystalline when thinned with the cryogenic stage.  

Furthermore, after 40 minutes of continuous TEM observation on the same area at room 

temperature, i.e. without the TEM cryo-stage, the porosity of the corrosion film decreased 

dramatically for the cryo-thinned sample, while no significant changes were seen from the film 

thinned without using the cryogenic stage. This was interpreted as Ga beam milling at room 

temperature causing significant damage on the corrosion film, therefore further damage by TEM 

imaging became less obvious than for the cryo-thinned specimen. 
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Figure A.1 Ga ion beam damage during cross sectional TEM sample preparation in SEM/FIB. (a) 

and (d) cross sectional TEM samples prepared with and without cryogenic SEM/FIB stage, 

respectively, (b) and (e) same region as (a) and (d) after 40 minutes continuous TEM observation, 

(c) and (f) selected area diffraction pattern for the corrosion film shown in (a) and (d). 

 

In addition of damage introduced during sample preparation, it was also found that 

observing the corrosion film in STEM mode at room temperature with slow scan rate also caused 

serious damage on the microstructure of the corrosion film (Fig. A.2(a) and (b)). These images 

were prepared from the region close to the corrosion domes where needle-shaped Mg(OH)2 

redeposited on top of the surface corrosion film. Scanning focused electron beam across the sample 

slowly caused big holes to develop throughout the corrosion film, and changed the morphology of 
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the needle-shaped layer. However, if STEM imaging was performed with a cryogenic TEM stage, 

these microstructural changes were almost completely suppressed (Fig. A.2(c) and (d)). 

The ion and electron beam induced degradation of the corrosion film is likely due to a 

combination of beam damage and local heating that accelerated the dehydration reaction of the 

corrosion film. Therefore, it is highly recommended to use cryogenic stages for both SEM/FIB 

sample preparation and TEM/STEM observation. 

 

 

Figure A.2 Electron beam damage during cross sectional STEM observation. (a) and (b) cross 

sectional images before and after 50 minutes of continuous observation without cryogenic TEM 

stage, (c) and (d) cross sectional images before and after 50 minutes of continuous observation 

with cryogenic TEM stage. (Continuous STEM observation parameters: 512x512 with pixel dwell 

time 1000 μs.)  
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Appendix II Calibration of X-Ray EDS Quantification with MgO and Mg(OH)2 Powders in 

STEM 

It was previously argued that the O/Mg ratio obtained from EDS analysis is not reliable 

and EDS should not be used to infer the nature of the Mg corrosion film because of poor collection 

efficiency of elements with low atomic numbers for EDS [49]. To bypass this limitation, standard 

MgO and Mg(OH)2 TEM specimens from MgO and Mg(OH)2 powders purchased from Acros 

Organics were prepared by a liftout method [102] (Fig. A.3(a) and (b)). X-ray EDS mapping was 

performed using a Hitachi HD-2300A STEM equipped with an Oxford EDS detector. Analysis 

was performed using the software built-in KAB factor values. By averaging over seven different 

locations on the EDS maps (Fig. A.3(c) and (d)), the measured O/Mg ratio for MgO and Mg(OH)2 

powders are 0.9±0.1 and 1.7±0.1, respectively. While not perfect match with the expected values, 

these measurements clearly show that the two phases can be distinguished using EDS-measured 

O/Mg ratio. Therefore, we used the same imaging and quantification parameters as those used here. 
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Figure A.3 (a) MgO and (b) Mg(OH)2 powders used for preparation of TEM specimens, and 

locations of the EDS quantification (outlined with blue lines) used for O/Mg ratio on (c) MgO and 

(d) Mg(OH)2 specimens. 
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