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Lay Abstract 

The objective of this research was to determine the extent to which dissolved 

lithium carbonate (Li2CO3) can inhibit corrosion of lightweight magnesium (Mg) alloy 

sheet metal in contact with aqueous NaCl solutions. Corrosion inhibition by dissolved 

Li2CO3 in 0.1 M NaCl (aq) was demonstrated for two Mg alloy sheet metal alloys: 

AZ31B (3% Al, 1% Zn, 0.5% Mn, balance Mg) and ZEK100 (1.3% Zn, 0.2% Nd, 0.25% 

Zr, balance Mg). As a next step towards the development of a protective coating scheme, 

corrosion inhibition of ZEK100 by Li2CO3, as a surface coating applied, is achieved 

through a reduction of both the anodic dissolution and the cathode (H2 gas evolution) 

kinetics in large part by the formation of a Li-doped MgO film at anodic dissolution sites.  
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Abstract 

The extent to which dissolved Li2CO3 can inhibit corrosion of lightweight Mg 

alloy sheet metal in contact with aqueous NaCl solutions was determined. Two Mg alloy 

sheet metal alloys were studied, which include: AZ31B (3% Al, 1% Zn, 0.5% Mn, 

balance Mg) and ZEK100 (1.3% Zn, 0.2% Nd, 0.25% Zr, balance Mg).  

Corrosion inhibition was first determined for each alloy separately when 

immersed in 0.1 M NaCl (aq), with and without dissolved Li2CO3 added. The addition of 

100 mM Li2CO3 (aq) reduces the corrosion rate of AZ31B by a factor of ~10 and ZEK100 

by a factor of ~12.  Inhibition involves a reduction in both global anodic dissolution and 

cathode (H2 gas evolution) kinetics. It also involves suppression of localized filament-like 

corrosion and associated anode/cathode activation. Site specific cross-sectional analysis 

of the surface film formed during forced anode activation (polarization) revealed the 

formation of a Li-doped MgO film, akin to what forms, and provides protection to, Mg 

alloys with Li added as an alloying element. Such film formation was used to explain all 

corrosion inhibition aspects.  

Corrosion inhibition was then determined for ZEK100 when immersed in 0.1 M NaCl 

(aq) with and without a spray-deposited Li2CO3 surface coatings added. A commercial 

hexafluoro-titanate/zirconate-polymer conversion coating (Bonderite® MNT 5200) also 

served as the comparative basis. The Li2CO3-coated surface exhibits the lowest relative 

corrosion, whereas the conversion-coated surface exhibits the highest. Improved 

corrosion control is attributed to the formation of a compact coating (physical 

contribution) and the ability of dissolved Li2CO3 to inhibit both the anode and cathode 
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kinetics (electrochemical) contribution. The findings are of interest to automotive industry 

as a possible means to effectively control corrosion of Mg alloy sheet metal using Li2CO3 

as a surface pre-treatment or the inclusion of Li2CO3 to a polymer as an inhibitor additive. 
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Introduction 

Increased use of structural lightweight materials to reduce the mass of 

transportation vehicles is arguably the best enabling means to improve fuel efficiency [1-

2] and, thus reduce harmful greenhouse gas emissions associated with the combustion 

engine [3]. Wrought magnesium alloy sheet metal, when incorporated into lightweight 

multi-material structural assemblies, has considerable potential to achieve this goal [4-5]. 

An exemplary example is the recent Magna International, Ford Motor Company and the 

U.S. Department of Energy collaboration created to develop a multi-material lightweight 

vehicle (MMLV) that accomplishes a curb-side mass reduction of 25-30% relative the 

baseline Ford Fusion production model (1,559 kg). In the MMLV-I design, an Al-

intensive vehicle was manufactured to demonstrate a 363 kg mass reduction (23%) and 

associated 962-gallon fuel savings over a 250,000-km lifetime [4]. In the MMLV-II 

design, a Mg/composite-intensive vehicle was designed, albeit in a paper study, to 

demonstrate a 797 kg mass reduction (51%) relative the Ford Fusion baseline [5].  

One key technical issue preventing increased use of Mg alloy sheet metal is the 

corrosion susceptibility in aqueous chloride-containing solutions. This is driven in large 

part by: (i) electrochemical reactivity (low standard redox potential), (ii) high rate of the 

H2 gas evolution reaction as the cathode and (iii) tendency of the native oxide surface film 

to breakdown and be replaced with a significantly thicker and much less protective 

corrosion product film. Corrosion of Mg in aqueous chloride-containing solutions 
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involves the conversion of Mg to Mg(OH)2 according to the overall reaction: Mg + 2H2O 

→ Mg(OH)2 + H2. Elementary steps include: (i) anodic dissolution of Mg to Mg2+, (ii) 

cathodic reduction of H2O to H2, and (iii) precipitation of Mg(OH)2 from a supersaturated 

alkaline solution at cathode sites. Various alloying, processing and surface modification 

strategies for improved corrosion control have been proposed and are reviewed elsewhere 

[3,6,7].  

Multi-layered protective coatings are currently the preferred corrosion control 

strategy used for Mg alloys in automotive applications [8,9]. Typical coating schemes 

involve an inner pre-treatment layer and a polymer over-layer as a minimum. Class A 

surface finishes require additional layers, namely a leveler, base coat and a top coat. Pre-

treating the surface performs two key functions: (i) provide a measure of barrier layer 

corrosion control and (ii) provide a favorable surface to promote adhesion of organic 

over-layers. A myriad of surface pre-treatments have been developed as part of protective 

coatings for Mg alloys, which, for example, include those reviewed for chemical/ 

electrochemical deposition [10-12], anodizing [13], plasma electrolytic deposition [14] 

and sol-gel [15] processes. The ability to provide corrosion inhibition at local defects sites 

that expose bare metal is a desirable feature. Inhibitor types studied in this context include 

anode/cathode site specific adsorption and barrier/blocking effects of anionic surfactants 

[16-19], complexing of dissolved noble metal (relative to Mg) to prevent re-deposition 

and associated anode/cathode activation [20-21] and sparingly soluble anions to promote 

surface film formation [22-24].   
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The emerging protective coating for corrosion control of Mg alloy sheet metal in 

the MMLV-II design is one comprising a commercial plasma electrolytic deposition 

surface pre-treatment based on Mg-F-O chemistry (Henkel Bonderite® MgC (magnesium 

coating)) with a cathodic electrophoretic deposited epoxy (E-coat) over-layer [1].  In a 

related study, it was shown that a scribed E-coated Mg alloy sheet metal surface pre-

treated with the commercial Mg-F-O plasma electrolytic deposition process exhibits a 

significant reduction in both corrosion spread and depth as compared to a scribed surface 

pre-treated with the industry baseline conversion coating (hexafluoro-titanate/zirconate-

polymer (Bonderite® MNT 5200)) [25]. As Figure 1.1 shows, corrosion control of coated 

Mg alloys at defect sites, at a level similar to that exhibited by coated AA6xxx Al alloys, 

remains a significant technical challenge: one that could be addressed with an improved 

inhibition capability. 

 

 Figure 1.1: Scatter plot of corrosion spread (measured in plan-view) vs. corrosion depth 

(measured in cross-section) after 1000 h ASTM B117 salt fog exposure [1]. (CC = 
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conversion coating and PED = plasma electrolytic deposition)   

Li2CO3 is a promising candidate for inclusion into a protective coating scheme 

considering the beneficial effect of Li, as an alloying element, has on inhibiting the anodic 

kinetics of Mg [26] and of dissolved carbonate (CO3
2−/HCO3−/OH−) on inhibiting both the 

anode and cathode kinetics of Mg [27-29]. Alloyed Li promotes the formation of Li-

doped MgO surface film [30-32] that shows a self-healing capability [33] when 

mechanically damaged (scratched). Li2CO3 has been added as a leachable inhibitor 

additive in a protective coating applied to Al alloys for improved corrosion control [34-

36]. Dissolved Li ions promote the fast formation of a protective multi-layered Al-Li-O 

surface film [36].  

The overarching objective of my research is to determine the extent to which 

dissolved Li2CO3 inhibits corrosion of Mg alloy sheet metal when in contact with NaCl 

(aq). Conventional and scanning electrochemical and bulk immersion measurements were 

coupled with site specific surface structure and composition measurements for this 

purpose. This thesis contains seven chapters, including this introduction. Chapter 2 

presents a literature review that places this research hypothesis and associated objectives 

within the current state of knowledge. Chapters 3 to 5 then present individual journal 

articles that present and discuss the experimental results. Chapter 3 is a published peer-

reviewed article, whereas Chapters 4 and 5 present articles that have been submitted for 

peer-review publication. A global discussion of the experimental results is presented in 

Chapter 6 and proposed future research directions. Finally, Chapter 7 presents the global 

conclusions. 
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Literature Review 

 Mg Alloy Sheet Metal  

To achieve the 50% weight reduction envisioned in the MMLV-II design, 

significant use of Mg alloy sheet metal as body-in-white (BIW) and closure components, 

such as doors, fenders, outer hood, roof, and trunk lid, has been proposed [1]. Mg alloy 

sheet metal is used in higher levels because it exhibits improved mechanical properties 

relative to than their cast counterparts by eliminating the problematic defects intrinsic to 

casting [2,3]. Both strength and ductility vary with the sheet direction (orientation), thus 

yielding anisotropic properties [4]. The number of commercially available Mg sheet metal 

alloys is very limited. The most commonly used alloy is the AZ31B (3% Al, 1% Zn, 0.5% 

Mn, balance Mg) since it exhibits a suitable balance between strength, ductility and 

corrosion performance [5]. However, ZEK100 (1.3% Zn, 0.2% Nd, 0.25% Zr, balance 

Mg) has been selected in the MMLV-II design given its improved lower temperature 

formability [6,7].  

Both sheet metal alloys are single phase alloys with a distribution of second phase 

particles. AZ31B is typically provided in the H24 temper, which involves strain hardening 

during rolling and then partial annealing to half hardness. Second phase particles in 

AZ31B are predominantly of the course and fine Al-Mn type with circular and rod-like 

shaped particle [2,8]. The beta (β-Mg17Al12) phase is not typically observed in AZ31B. 

The Al-Mn particles observed are most commonly reported as Al8Mn5 with sizes ranging 
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from nanometers to micrometers [9,10]. ZEK100 is typically provided in the fully 

annealed O temper. Second phase particles in ZEK100 are also near-globular in shape, 

but include ternary Mg-Zn-Nd and Zr-rich particles [11-13]. The microstructure of both 

alloys and as well the etched surfaces to show the grains and grain boundaries are shown 

in Figure 2.1. 

 

Figure 2.1. Backscattered electron cross-sectional images of (a) AZ31B-H24 [2]and (b) 

ZEK100-O [11] microstructure showing the coarse intermetallic phase with a bright 

contrast being aligned along the rolling direction in each case. optical micrographs of the 

mechanically polished and etched surface of (a) AZ31B-H24 and (b) ZEK100-O. 

 Localized Filament-Like Corrosion   

The corrosion of Mg in water involves the conversion of Mg metal to Mg(OH)2 

according to the overall reaction: Mg + 2H2O → Mg(OH)2 + H2. Elementary steps of this 
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process include: (i) anodic dissolution of Mg to Mg2+, (ii) cathodic reduction of H2O to 

H2, and (iii) precipitation of Mg(OH)2 from a supersaturated, locally alkaline solution 

near the cathode sites. Mg(OH)2 is the thermodynamically stable product, but film 

formation is more complex and involves the additional formation of MgO [8,14,15]. The 

film is quasi-stable in neutral aqueous solutions and loses integrity in the presence of 

aggressive anions such as chloride ions [2,16].  

The corrosion of AZ31B and ZEK100 involves a rather unique localized filament-

like mode that is driven by the so-called cathodic activation (enhanced H2 gas evolution) 

of the dissolving surface (anodic activation) [8,17-20]. Local anodes initiate, likely at 

secondary phase particles that serve as active cathodes [21,22], and propagate laterally 

across the filmed surface (akin to a filament) driven by cathodic activation, mostly 

alongside anodic dissolution at the filament head, but with some contribution from the 

porous oxide/hydroxide corrosion products left behind in the tail [23-25]. The source of 

cathodic activation continues to be strongly debated [26], with current proposed theories 

involving an active cathode such as the bare dissolving surface itself [27], noble metal 

enrichment due to selective dissolution of Mg [15,28] or re-deposition [29][30] or 

formation of Mg(OH)2 as a corrosion product [31] and the formation and subsequent 

dissolution of MgH2 [32]. 

Both AZ31B [11] and ZEK100 [33] are susceptible to the unique localized 

corrosion mode that spreads laterally as filaments underneath an intact surface film, in a 

manner similar to that exhibited by commercially pure Mg [17]. The actual image 

showing the filament corrosion on the surface for AZ31 immersed in 0.05 M NaCl (aq) 
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for 3.5 h and for ZEK100 immersed in 0.03 M NaCl (aq) for 0.5 h are shown in Figure 

2.2a and 2.2b, respectively. 

 
 

 

Figure 2.2. (a) Backscattered electron images showing the typical appearance of the  

localized filament-like corrosion exhibited by Mg alloys: (a) AZ31B immersed in 0.05 M 

NaCl (aq) for 3.5 h [8] and (b) ZEK100 immersed in 0.03 M NaCl (aq) for 0.5 h  [32]. 

 

One of the most beneficial methods for monitoring localized corrosion for Mg 

alloys is the scanning vibrating electrode technique (SVET), also known as the scanning 

vibrating probe (SVP) technique. Williams et al. [17] studied the localized filament-like 

corrosion of AZ31 under galvanostatic anodic polarization in different NaCl (aq) and 

investigated the effect of bulk electrolyte pH using SVET. They found that, after starting 

the anodic polarization, the appearance of dark spots on the surface coincided with a local 

anodic current, as shown in Figure 2.3. The local anode is shown to move laterally across 

the surface leaving behind a path that coincides with a local cathodic current. This 

conversion is the so-called cathodic activation exhibited by dissolving Mg. The intensity 

of local anodes decreases with decreasing NaCl (aq) concentration at near-neutral pH 

after 4 h immersion time. For the pH effect, the spread of localized filament-like 
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corrosion is more noticeable at pH > 12, as it slows down considerably.  

 

 

 

Figure 2.3. SVET-derived current density surface maps of unpolarised AZ31 obtained 

after 4 h immersion in aerated NaCl (aq) at concentrations (% w/v) of (a) 20%, (b) 1% 

and (c) 0.2% [17]. 

 

The onset of the localized filament-like corrosion requires a breakdown of the 

intact surface film, which is demarked by a distinct small, but distinct drop in the OCP. 

The time to breakdown increases with decreasing NaCl (aq) concentration. For 0.05% w/v 

concentration of NaCl (aq), there is no breakdown potential during this time. As well, it is 

shown that the amount of filament depends on pH and NaCl (aq) concentration [34]. 
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Kousis et al. [35] studied the effect of chloride ion concentration on the initiation 

and propagation of localized filament corrosion on E717 (ZEK100) in aerated solutions of 

NaCl (aq) using SVET. Figure 2.4 shows their set of current density distribution maps and 

associated photographic images recorded for a corroding, recorded after various 

immersion times. Corrosion initiates as a local anode, which ten propagates along the 

surface leaving behind a cathode activated trail. They demonstrated that the initiation of 

localized filament-like corrosion depends on the Cl− concentration in NaCl (aq). The time 

needed for passivation breakdown potential is delayed and the localized anodic current 

density is decreased with decreasing the Cl- concentration. 
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Figure 2.4. SVET current density distribution maps with associated photographic images 

recorded for E717 corrosion obtained after (a) 200 minutes, (b) 370 minutes, (c) 630 

minutes, (d) 820 minutes, (e) 930 minutes, and (f) 24 h immersion in aerated 0.034 M 

NaCl (aq) [35]. 

Cano et al. [8] used a TEM examination of FIB-prepared cross-sectional samples 

to provide a physical description of the cathode activation of the corrosion filament trails 

formed on AZ31B-H24 immersed in NaCl (aq). Their proposed physical description of 

the filament corrosion is shown in Figure 2.5. The filament is a laterally propagating 

corrosion process that involves a local dissolving anode head (anode activation) that is 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

17 

coupled to a cathode activated tail. The filament, which is a MgO/Mg(OH)2 mixture. is 

significantly thicker and more defective than the intact film it propagates underneath. 

They showed that the presence of through-thickness cracks in the corrosion filament 

could enable three active cathodes, including: (i) the Mg(OH)2 corrosion product itself, 

(ii) Al-Mn particles in the form of Al11Mn4 (as determined by STEM-EDS analysis) that 

are in exposed on the crack wall, (iii) the bare metal surface (with or without noble metal 

(Zn)  enrichment) that is exposed at eth base of the crack. 

.  

 

Figure 2.5. Schematic representation of the localized filament-like corrosion exhibited by 

AZ31B immersed in NaCl (aq) [8]. 

Binns et al. [32] also provided a physical description of the localized filament-like 

corrosion process: one based on the formation and subsequent dissolution of MgH2. Their 
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model is shown in Figure 2.6. They propose that that the unstable MgH2 forms during 

activated anodic dissolution occurring at the filament head and serves as an active cathode 

for hydrogen evolution. The effect is greatest at the filament head as the MgH2 formed is 

fresh. As MgH2 is unstable, it transforms to insulating (unreactive) Mg(OH)2 in the aged 

filament tail, thereby  losing its effectiveness as an active cathode. Formation of MgH2 

was concluded based on evidence provided by XRD and dynamic secondary ion mass 

spectrometry (SIMS).  

 

 
 

Figure 2.6. Schematic representation of the localized filament-like corrosion exhibited by 

ZEK100 immersed in NaCl (aq) [32]. 

 Protective Coating Scheme for Automotive Applications   

As mentioned in the Introduction, applying a protective coating scheme consisting 

of an inner pre-treatment layer and a polymer over-layer sealant is the minimum 

requirement for corrosion control of Mg alloy components. The current North American 
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automotive benchmark protective coatings scheme consists of a hexafluro-titanate/ 

zirconate-polymer conversion coating (Bonderite® M-NT 5200™ by Henkel 

Corporation), with a black cationic epoxy E-coating over-layer sealant applied 

(POWERCON® 600CX by PPG Industries or equivalent) [1],[36]-[39]. The conversion 

coating is a more favorable surface on which the epoxy E-coating can be applied. Given 

that it is applied as a continuous layer, it is expected to provide some contribution to 

corrosion control by serving as a physical barrier. However, a chemical inhibition 

contribution to corrosion control is not expected. A possible leachable inhibiting 

component would be F− (aq) anions, formed by dissolution of the MgF2 component (ksp = 

5.16 ×10−11 at 25 °C [40]. However, no significant level of corrosion inhibition of Mg 

[41] or AZ31B [42] is observed in NaCl (aq) with relative small additions (10 mM) F− 

(aq). 

Brady et al. [43] examined the corrosion performance of Bonderite® M-NT 

5200™-coated AZ31B and E717 (ZEK100) with and without an epoxy E-coating over-

layer applied in saturated Mg(OH)2 (aq) with 1 wt.% NaCl (aq) at ambient temperature. 

SEM cross-sectional images of the Bonderite® M-NT 5200™ conversion coating on the 

two alloys are shown in Figure 2.7a and 2.7b, respectively. The thickness of the coating 

on both layers ranges from 0.6 to 1 μm. Continuous coating forms on both alloys, but the 

cracks are observed in the coating formed on AZ31B, whereas pores are observed in the 

coating formed on E717 (ZEK100). The thickness of the epoxy E-coating applied on each 

conversion-coated alloy is ~10 μm, as shown in Figure 2.7c and 2.7d.  
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Figure 2.7. Backscattered electron cross-sectional images of the as-conversion coated 

surfaces (Bonderite® M-NT 5200™) formed on (a) AZ31B (BAZ) and (b) E717 

(ZEK100) (BE7). Backscattered electron cross-sectional images of conversion coating 

(Bonderite® M-NT 5200™) with epoxy E-coating (electrocoat) applied on (c) AZ31B 

and (d) E717 (ZEK100) [43]. 

 

Potentiodynamic polarization measurements of the conversion-coated surfaces, 

relative to bare metal surfaces, are shown in shown in Figure 2.8. The effect of the 

conversion coating on the polarization response is more pronounce for AZ31B. The 
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conversion coating causes a significant reduction in the anode kinetics, with little effect 

on the cathode kinetics. A similar effect on the conversion coating on the polarization 

response on E717 (ZEK100) is also observed, the effect seems to be not very 

reproducible.  

 

 

Figure 2.8. Potentiodynamic polarization response for (a) AZ31B (BAZ) and (b) E717 

(ZEK100) (BE7) with and without conversion coating (Bonderite® M-NT 5200™ ) 

applied in saturated Mg(OH)2 (aq) with 1 wt.% NaCl (aq) at ambient temperature [43]. 

Figure 2.9a and 2.9b show that the STEM-EDS of AZ31B and E717 (ZEK100) 

after application of epoxy E-coating over the Bonderite® M-NT 5200™ conversion 

coating. For both alloys, there is an enrichment of F in the inner layer, presumably from 

the insoluble MgF2 formation, which provides barrier layer protection. The epoxy E-

coating process is very aggressive towards the conversion coating, causing significant 
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physical damage to the conversion coating on both alloys, as shown in Figure 2.9. No 

corrosion assessment of the E-coated samples was provided.  

 

Figure 2.9. Cross-section dark field STEM images and corresponding elemental maps of 

the E-coated (electrocoat) surface after conversion coating (Bonderite® M-NT 5200™)  

for (a) AZ31B (BAZ) and (b) E717 (ZEK100) (BE7) [43]. 
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Song et al. [37] investigated the effect of mechanical abrasion surface treatment 

on the relative corrosion performance of AZ31B with a novel electroless E-coating 

applied directly onto the bare metal surface. The study is relevant since they used a 

Bonderite® M-NT 5200™ conversion coated surface as a comparative basis. Significant 

corrosion damage on the conversion-coated sample was observed after 20 h salt spray 

(ASTM B117) exposure. Unfortunately, bare metals samples were not exposed. Figure 

2.10(a) shows the electrochemical polarization response of the conversion-coated surface 

relative to the electroless E-coated surfaces. The conversion coating does not inhibit the 

anodic kinetics to any great extent, as very little polarizability is observed in the current 

response. The impedance response, shown in Figure 2.10(b), also reveals very little 

corrosion protection given the relatively small size of the capacitance loop in the Nyquist 

plot. The additional slope observed in the low frequency range in the Bode plot (Figure 

2.10(c)) for the conversion-coated surface was attributed to the breakdown of the surface 

film and subsequent localized corrosion. 
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Figure 2.10. Electrochemical response of Bonderite® M-NT 5200™ conversion-coated 

AZ31B (BM) in 5 wt.% NaCl (aq) at ambient temperature: (a) potentiodynamic 

polarization, (b) Nyquist plot (immediately after immersion) and (c) Bode plot 

(immediately after immersion) [37]. 

 

Song et al. [39] also investigated the relative corrosion performance of epoxy E-

coated and powder-coated AZ31 and AZ61 (6% Al, 1% Zn, 0.15% Mn, balance Mg) after 

pre-treating the surface with by applying the Bonderite® M-NT 5200™ conversion 

coating. Salt spray (ASTM B117) testing revealed that E-coating provides improved 

corrosion protection compared to powder coating when applied as the sealant over-layer 

on the conversion-coated surface (Figure 2.11(a)). The impedance response, shown in 

Figure 2.11(b), also reveals improved corrosion protection of Bonderite® M-NT 5200™ 
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with the E-coating rather than the powder coating applied as the sealant over-layer. They 

proposed a six step corrosion process of a coated Mg alloy: (i) corrosive solution 

penetrates the organic coating through the pores or micro-cracks in the coating and 

reaches the bare metal substrate, (ii) corrosion of the bare metal surface then begins, (iii) 

corrosion produces both Mg(OH)2 and H2 gas bubbles products of the reaction, (iv) 

corrosion products then promote localized coating blistering or cracking (v) continued 

corrosion occurs underneath coating, which causes undermining or undercut damage and 

(vi) copious corrosion product generation coupled with local high pressure of H2 gas 

causes visible coating breakdown. 
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Figure 2.11. (a) Photographs of samples after 1,000 h salt spray (ASTM B117) exposure. 

(b) Bode plot for samples 1 to 4 after 30 days immersion in 5 wt.% NaCl (aq). (No. 1) 

powder-coated AZ31, (No. 2) powder-coated AZ61, (No. 3) E-coated and powder-coated 

AZ31 and (No. 4) E-coated AZ31. [39]. 

 Inhibitors for Corrosion Control 

The storage of inhibiting (inorganic or organic) compounds for controlled release 

at coating defects sites, however initiated, is a key design criterion for the development of 

next generation coating schemes. The concept is exemplified by the improved corrosion 

control of Mg alloys coated with inhibitor intercalated ion-exchangeable hydrotalcite 

(HT) or layered double hydroxide (LDH) surface pre-treated layers [44]-[50]. It follows 

(a)

(b)
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that a well-developed understanding of a given inhibitor’s efficiency in controlling 

corrosion of bare Mg alloys in NaCl (aq) is critical to inhibitor selection and, thus coating 

design. Inhibitor types studied in this context include anode/cathode site specific 

adsorption and barrier/blocking effects of anionic surfactants [51]-[54], complexing of 

dissolved noble metal (relative to Mg) to prevent re-deposition and associated cathode 

activation [55][56], and sparingly soluble anions to promote surface film formation 

[41],[42],[57]. The focus of this thesis is on the latter: sparingly soluble anions to promote 

surface film formation. 

Williams et al. [42] investigated the influence of Na3PO4, Na2CrO4, NaF, CeCl3 

and YCl3 as a corrosion inhibitor for casting AZ31 in unstirred 5% w/v NaCl (aq) at pH 

6.5 and 20 °C. SVET measurements showed that the number density of local anodes had 

approximately doubled for both Ce and Y salt, the reason for which is not clear. In 

addition, the addition of NaF (aq) remains ineffective in inhibiting the localized corrosion 

of AZ31. Moreover, the addition of phosphate and chromate confirm that both types 

promote a significant level of corrosion inhibition. Figure 2.12 shows the SEM-EDS 

elemental map of (a) P and (b) Cr distribution over AZ31 after immersion for 4 h in 5 % 

NaCl (aq) containing the addition of phosphate and chromate. The SEM-EDS maps 

indicates that Mg3(PO3)2 and Cr(OH)3, likely forms over noble Al-Mn particles (active 

cathodes) in each case, but does form as a continuous layer that completely covers the 

AZ31 surface. This demonstrates incomplete surface film formation inhibition.   
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Figure 2.12. SEM-EDS elemental map showing relative abundance of (a) P and (b) Cr (b) 

for a post-corrosion AZ31 surface after immersion for 4 h in 5% NaCl (aq) containing a 

10–2 Na3PO4 and Na2CrO4 addition, respectively [42]. 

Feng et al. [57] investigated the electrochemical response of AZ31 in NaCl (aq) 

with various Na2SeO3 (aq) additions, as a corrosion inhibitor, ranging from 0.5 mM to 50 

mM. They separated the inhibition effect to an anodic and cathodic effect. Anodic 

inhibition depends on of SeO3
2− (aq) concentration and the better corrosion resistance 

obtained from potentiodynamic polarization and EIS by using 1 mM Na2SeO3 (aq). 

Higher concentrations (10 and 50 mM) or longer periods resulted in thicker film, but 

unfortunately less protective due to having voids, cracks and was not compact compared 

to lower concentration (1 mM). This was also confirmed with STEM analysis (Figure 

2.13), which showed that the highest concentration of SeO3
2− (aq) (50 mM) coincides 

with a film that is more porous (contains more voids). They claimed that the cathode H2 

evolution reaction is suppressed due to the formation of hydroxide double layer on Al and 

Mn particles which does not depend on the SeO3
2− (aq) concentration. 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

29 

 
 

Figure 2.13. STEM images and associated EDS maps of the surface film formed on AZ31 

after 24 h immersion 0.1 M NaCl (aq) with various additions of Na2SeO3 as a corrosion 

inhibitor [57]. 

 

The formation of protective surface films on Mg alloys by immersion in aqueous 

carbonate (CO3
2−) solutions as received some attention. Prince et al. [58] showed the 

effect of different concentration of Na2CO3 (aq), added as a corrosion inhibitor, for AZ31 

immersed in 0.1 M NaCl (aq) saturated with Mg(OH)2, which stabilized the pH at 10.3. 

They presented that the inhibition efficiency using H2 evolution test reach 76% using 50 

mM Na2CO3. As well, they showed that the inhibition effect using Na2CO3 from 
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potentiodynamic polarization is anodic and cathodic effect. They showed the formation of 

uniform and continuous film after immersion for 7 days in the solution with 50 mM 

Na2CO3 (aq), a much improved situation relative to that observed without the inhibitor 

added (Figure 2.14). Using XPS measurements, they showed that the protective layer is 

composed of Mg(OH)2, MgCO3 and Mg2(OH)2CO3. This protective layer, which is the 

key for improved the corrosion inhibition of Mg alloys, is sufficient to decrease the icorr 

with 50 mM Na2CO3 (aq) relative to case without. 

  

 

Figure 2.14. Plan view SEM images of the corroded AZ31 surface after 7 days immersion 

in 0.1 M NaCl (aq) saturated with Mg(OH)2 (a-d) without Na2CO3 (aq) addition, and (m-

p) with 50 mM Na2CO3 (aq) addition [58]. 

Gulbrandsen et al. [59] studied the anodic polarization response of high purity  

Mg in buffered HCO3
−/CO3

2− (aq) (pH 9-11). They showed that the corrosion rate 

depends on HCO3
− concentration and at higher concentration thicker porous film was 

observed which provides a pathway for corrosive species interaction with Mg surface.  

Fazal et al. [60] investigated the effect of 0.01 M (aq) Na salts of Cl−, F−, NO3
−, 

CH3COO−, SO4
2−,  CO3

2− and PO4
3− on the thin native oxide layer formed over AZ31 
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using OCP, potentiodynamic polarization and EIS. They showed that CO3
2− and PO4

3− 

dissolve the native oxide layer and promote the formation of a replacement passive layer 

MgCO3 and Mg3(PO4)2. However, the rest of anions promoted the growth of the native 

oxide film. In addition, they showed the anodic passive behavior using CO3
2− and PO4

3− 

relative to the rest of anions that show no passivation occurred as shown in Figure 2.15.  

 

Figure 2.15. Potentiodynamic polarization curves of AZ31 Mg alloy in seven different 

electrolytes [60]. 

 Corrosion Resistant Mg-Li Alloys 

The tendency for the native oxide/hydroxide surface film to breakdown locally 

and for the solid oxide/hydroxide corrosion product (cathodic activation) and secondary 

intermetallic phases to serve as cathodes for H2 evolution has inspired various alloying, 

processing and surface modification strategies for improved corrosion control [61]-[63]. 

Li alloying significantly stifles the anodic kinetics of the Mg matrix, with no concomitant 

effect on the cathodic kinetics: a unique kinetic combination not observed in other Mg 

alloys [64]. This, combined with inhibiting effect of dissolved carbonate (CO3
2−/HCO3

−/ 
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OH−) on inhibiting both the anode and cathode kinetics of Mg [58]-[60], underpins the 

interest in Li2CO3 as a dissolvable inhibitor for Mg alloys. 

Xu et al. [64] designed an ultralow density Mg-Li alloy (1.4 g/cm3). The 

conventional extruded alloy exhibits a corrosion current density similar to other Mg 

alloys, such as AZ31B and ZEK100. However, by alloying modification and thermo-

mechanical processing, the corrosion current density is significantly reduced, as shown in 

Figure 2.16. Improved corrosion resistance is attained without sacrificing mechanical 

properties.  

 

Figure 2.16. Plot of yield strength versus corrosion current density for Mg-Li alloys 

relative to conventional Mg alloys [64]. 
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Figure 2.17 shows the schematic diagram of increasing Li content effect on the 

stability of the film that forms on Mg-Li alloys under atmospheric exposure conditions. 

The conventional HCP Mg matrix phase forms a defective oxide and hydroxide bi-

layered film, as shown in Figure 2.17(a). An increase in the Li content promotes the 

formation of a Li2CO3 layer. Protection is compromised since the presence of secondary 

phases prevents the formation of a continuous layer, as shown in Figure 2.17(b). Figure 

2.17(c) shows that the complete coverage with a relative thick and continuous Li2CO3 

layer forms with a further increase in the Li content. 
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Figure 2.17. Surface layer formation on HCP Mg and BCC Mg–Li after exposure to 

atmospheric exposure conditions: (a) incomplete coverage of the surface film developed 

on conventional hcp Mg alloys, (b) thin surface film on the extruded Mg–Li alloy and 

potential reaction sites due to the conventional two-phase structure and (c) complete 

coverage of the thicker surface film on the solute nanostructured bcc Mg–Li alloy. [64]. 
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Yan et al. [65] investigated the aqueous stability of Mg-Li (30.3 % at.) and 

showed that the Li2CO3 layer formed after atmospheric exposure, and associated Li and C 

surface enrichment is removed after exposure in aqueous solution, as shown is Figure 

2.18(a and b). Figure 2.18c shows that the eventual corrosion inhibition by Li alloying is 

achieved by selectively dissolving of Mg and Li at anodic areas followed by the formation 

of Li-doped MgO layer, which hinder the transformation of MgO to Mg(OH)2 and, this 

active localized dissolution. Film formation involves: (i) selective dissolution of Li+, (ii)  

diffusion of Mg2+ via MgO and dissolution of Mg2+, (iii) doping of MgO by Li+ and (iv) 

corrosion products formation around cathodic sites. 
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Figure 2.18. GDOES elemental depth profiles obtained for Mg-Li-(Al-Y-Zr) sample after 

immersion in 0.1 M NaCl (aq) for 20 h: (a) immediately after immersion and (b) air-

exposed for 3 h between immersion and GDOES profiling. (c) Schematic representation 

of steps of aqueous corrosion of Mg-Li alloy [65]. 
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Yan et al. [66] showed a re-passivation tendency of the protective Li2CO3 film 

formed on Mg-Li alloys in aqueous solution as anodic dissolution is rapidly suppressed at 

mechanically-damaged (scribed) sites. They showed that, after scribing, the anodic 

dissolution rates of Mg and Li increased significantly and then returned to the original 

pre-scratch value, thus demonstrating a self-healing ability. A similar trend was observed 

in the OCP transient: an initial drop followed by full recovery of the pre-scribed value. 

Li et al. [67] studied the increasing Li amount as an alloying element with Mg 

ranging from (4, 7.5 14 wt. %) on the negative difference effect (cathode activation with 

increased H2 gas evolution while under anodic polarization). They showed that the 

negative difference effect is reduced with an increase in the alloyed Li content. The 

observed reduction is linked to the microstructure of Mg-Li alloy as it changes from HCP 

α-Mg to BCC β-Li as the alloyed Li content increases, shown in Figure 2.19A. In 

addition, Mg-14Li alloy has the lowest cathodic current density (H2 gas evolution 

reaction) relative to the other alloys. XPS was used to compare the composition of the 

surface film of the three alloys formed after immersion in 0.1 M NaCl (aq) for 2 h. As 

Figure 2.19B shows, the Mg(OH)2 peak is reduced and the Li 1s is strengthened with an 

increase in the alloyed Li content. The Li 1s peak can be deconvoluted into Li2CO3 and 

LiOH. The C 1s peak intensity is increased, which is attributed to Li2CO3. They attributed 

the improved inhibition to an absence of a cracked surface film.  
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Figure 2.19.  (A) SEM images of (a) Mg-4Li, (b) Mg-7.5Li and (c) Mg-14Li alloys. (B) 

XPS analysis of the surface film on Mg-4Li, Mg-7.5Li and Mg-14Li alloys after 

immersion in 0.1 M NaCl solution for 2 h [68]. 

 

Li et al. [68] continued the assessment of Mg-14Li alloy relative to pure Mg. They 

showed that pure Mg (99.95 wt. %) exhibits less corrosion than Mg-14Li alloy using 

potentiodynamic polarization, EIS, H2 evolution and mass loss. They assumed that this 
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contradiction of lower corrosion of pure Mg due to the absence of second phase. The 

difference is linked to differences in the morphology and composition of intact surface 

film formed after immersion in 0.1 M NaCl (aq) for 8 h, as shown in Figure 2.20. The 

thinner intact surface film (~600 nm) formed on pure Mg is composed of oxide/ 

hydroxide. In contrast, the thicker intact surface film (4 µm) formed on Mg-14Li is 

comprised of Li2CO3, which includes cavities. The latter is argued to be responsible for 

the increase corrosion observed. They conclude that Li2CO3 is not an ideal surface film 

for the protection of Mg alloys.           

 

Figure 2.20. Cross-sectional SEM images of the surface film formed (a) pure Mg (b) and 

Mg-14Li alloy immersed in 0.1 M NaCl (aq) for 8 h [68]. 

 Leachable Li2CO3 Inhibitor for Protective Coatings on Al Alloys 

Leachable Li salts have been considered as a promising replacement for the 

corrosion inhibiting chromate salts for inclusion in protective coatings applied on Al 

alloys. Visser et al. [69] developed a designed using a polyester resin and an aliphatic 

polyisocyanate that incorporates Li2CO3 and other Li salts to improve corrosion control of 

Al alloy AA2024-T3. Such coatings were artificially damaged to determine the extent of 
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protection provided. Figure 2.21 (b) shows the harmful corrosion effect (formation of 

white Al-rich oxide/hydroxide corrosion products) when the applied coating has no 

leachable inhibiting Li salt. However, the scribe shows no evidence corrosion products 

when the coating included a leachable inhibiting Li carbonate or oxalate, as shown in 

Figure 2.21 (c and d). Figure 2.22 shows a SEM image of the scribed region in cross-

section. The region was covered with a protective deposit about 0.5 to 1.5 μm thick that 

consisted of three layers, namely: (i) a dense inner layer at metal/coating interface, (ii) a 

porous intermediate layer and (iii) a porous columnar outer layer. STEM-EELS maps 

demonstrated the presence of Al, O and Li throughout the deposited layer, which 

indicates a uniform distribution of Li throughout the entire layer including the dense 

layer. The STEM-EELS examination revealed that Li ions were leached from the coating 

into scribe and re-deposited as a polycrystalline outer layer that could be an Al/Li layered 

double hydroxide and a dense barrier layer that is composed of Li/Al hydroxide to form a 

protective layer on AA2024-T3 metal surface exposed within the scribed region. 

However, it remains unclear in which form. 
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Figure 2.21. Optical images of coated and scribed AA2024-T3 panels before and after 

168 h salt spray exposure (ASTM B-117) (a) unexposed (b) no inhibitor, (c) lithium 

carbonate, and (d) lithium oxalate [69]. 

 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

42 

 

Figure 2.22. SEM cross-cut images of protective layers generated from a Li2CO3 loaded 

coating after 168 h ASTM B-117 exposure (a) scribed area, (b) middle section of the 

scribe, (c) curved area of bottom of the scribe, (d) detailed morphology of layer (middle 

section of the scribe) [69].  

Meeusen et al. [70] studied the effect of incorporating leachable Li2CO3 into a 

polyurethane based model coating for improving corrosion control of AA2024-T3. In 

addition, to study the active corrosion protective properties of these coatings, an artificial 

damage site was made of 1 mm width and approximately 100-150 mm depth followed 

with exposing to the salt spray test according to ASTM B-117 for 168 h. They showed 

that the polarization resistance of the applied coating with Li2CO3 using 0.05 M NaCl (aq) 

is three times higher than that for the applied coating without Li2CO3. 

Visser et al. [71] elucidated the mechanism for the formation of protective layer 

produced on AA2024-T3 during immersion in Li2CO3 containing NaCl (aq). They 

revealed that the passive layer formed consists of amorphous inner layer and a crystalline 

outer layer, with formation involving: (1) oxide thinning, (2) anodic dissolution and film 

formation and (3) film growth through a competitive growth-dissolution process. 
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Visser et al. [72] also studied the leachability of Li2CO3 from a polymer coating to 

reform rapidly at defect sites providing continuous protective layer. They used 

polyurethane model coatings with a total pigment volume concentration (PVC) of 30% 

and respective loadings of 15 and 2.5% PVC Li salt as leachable corrosion inhibitor and 

demonstrated that this coating provides continuous corrosion protection if the defect 

location up to 6 mm width. Figure 2.23 shows the effect of different Li2CO3 concentration 

on the scribe corrosion of coated AA2024-T3 after salt spray exposure (ASTM B117). 

Both coatings show the successful corrosion protection, except for 6 mm scribe that 

shows some corrosion product with the low Li2CO3 content. 

 

Figure 2.23. Light optical microscopy images of different scribe widths (0.5 mm, 1.5 mm, 

3.0 mm and 6.0 mm) in a polymer coating with two Li2CO3 contents applied on AA2024-

T3 taken after 168 h salt spray exposure [72].   

 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

44 

Finally, Visser et al. [73] demonstrated the effective corrosion protection of a 

polymer coating with and without Li2CO3 added as a leachable inhibitor on a range of Al 

alloys namely: AA2024, AA7075, AA5083, and AA6014. SEM and electrochemical 

measurements revealed that the leachable Li2CO3 containing coating provides improved 

corrosion control through inhibition of corrosion process at defect sites. 

Hydrotalcite (Mg6Al2(OH)16CO3×4H2O) conversion coatings applied on Mg 

alloys to control corrosion have received considerable attention [74]-[76], whereas simple 

carbonate conversion coatings for the same have received far less attention. Yu et al. [77] 

applied carbonate as a conversion coating for AZ91. They found that via SEM cross 

sectional area the coating involves a two-layer coating structure. The outer one consists of 

calcite (CaCO3) and the inner layer consists of hydrotalcite (Mg6Al2(OH)16CO3×4H2O). 

SEM and TEM cross-sectional images confirmed that the hydrotalcite inner layer 

contained fine particles. The corrosion current density of the coated sample was 

approximately two orders of magnitude lower than that of the untreated one. 

 Research Hypothesis/Objectives 

From the synthesis of the literature as presented above, the idea to use leachable 

Li2CO3 as an effective inhibitor as a part of a protective coating applied to Mg alloy sheet 

metal for improved corrosion control in automotive applications shows significant 

promise. The overarching hypothesis is that dissolved Li2CO3 can impart effectively 

inhibit corrosion of Mg alloy sheet metal when immersed in NaCl (aq) by combining the 

inhibiting capability of dissolved Li+, albeit based on an alloyed Li effect, and carbonate 

(CO3
2−/HCO3

−/OH−) on both anode and cathode kinetics and protective surface film 
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formation. 

Arguably, the major scientific question here is how the localized filament-like 

corrosion, and associated activation (anode and cathode), is controlled to yield effective 

inhibition. Key aspects in need of study include, intact surface film stability, anode and 

cathode kinetics and surface film formation during anodic (and associated cathodic) 

activation. Consequently, the research objectives were defined as follows: 

i. Determine the extent to which Li2CO3 (aq) serves as an effective corrosion 

inhibitor for AZ31B (H24 temper) sheet metal when immersed in 0.1 M NaCl 

(aq) using bulk immersion, conventional and scanning electrochemical 

measurements in combination with an XPS analysis of the intact surface film 

formed. 

ii. Determine the combinatory effects of dissolved dissolved Li+ and carbonate 

(CO3
2−/HCO3

−/OH−) on corrosion inhibition of ZEK100 (O-temper) sheet metal 

when immersed in 0.1 M NaCl (aq) using bulk immersion and conventional 

electrochemical measurements in combination with a TEM analyses of surface 

films formed during node activation (polarization). 

iii. Demonstrate the capability of a leachable Li2CO3 (s) surface pre-treatment 

coating to inhibit corrosion of ZEK100 alloy sheet metal product when 

immersed in 0.1 M NaCl (aq), relative to the bare surface and one coated with 

the preferred surface pre-treatment (Bonderite® MNT 5200), using 

conventional electrochemical measurements, including EIS, in combination 

with SEM and TEM analysis of the starting surface coatings.  
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 Abstract 

The objective of this work was to determine the effectiveness of dissolved Li2CO3 as a 

corrosion inhibitor for AZ31B-H24 sheet metal when immersed in NaCl (aq) at ambient 

temperature. Corrosion rates were determined by gravimetric mass loss and volumetric H2 

evolution measurements and the observed inhibition was investigated further using 

potentiodynamic polarization, scanning vibrating electrode technique, and x-ray 

photoelectron surface analytical measurements. It is shown that dissolved Li2CO3 

significantly inhibits corrosion as it reduces the corrosion rate by a factor of 10. The 

manner in which inhibition is achieved is rationalized by the role played by the surface 

film produced during corrosion in inhibiting both the anode (anodic dissolution) and 

cathode (H2 evolution) kinetics. Inhibition involves the suppression of the filament-like 

corrosion mode, albeit on the macroscale, and associated cathodic activation. By process 

of elimination, it is proposed that the Li+ cations play a key role in inhibiting the anodic 

dissolution and associated cathodic activation that is required to drive the filament-like 

corrosion. 

 

 

Keywords: aqueous environments, corrosion inhibitor, film, magnesium   



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

59 

 Introduction 

As a sheet metal product, Mg alloy AZ31B (Mg-3Al-1Zn; UNS M11311(1)) 

remains of great interest to the automotive industry with its lightweighting potential when 

incorporated into multimaterial structural assemblies.1-2 However, the alloy is prone to 

corrosion, particularly when in contact with aqueous chloride-containing solutions, which 

has stifled increased utilization to a large extent.3-5 The corrosion of AZ31B involves a 

rather unique localized filament-like mode that is driven by the so-called cathodic 

activation (enhanced H2 gas evolution) of the dissolving surface.6-10 Local anodes initiate, 

likely at secondary phase particles that serve as active cathodes,11-12 and propagate 

laterally across the filmed surface (akin to a filament) driven by cathodic activation, 

mostly alongside anodic dissolution at the head, but with some contribution from the 

porous oxide/hydroxide corrosion products left behind in the tail.13-15 The source of 

cathodic activation has been strongly debated,16 with current proposed theories involving 

an active cathode such as the bare dissolving surface itself,17 noble metal enrichment due 

to selective dissolution of Mg18-20 or redeposition, 21-22 formation of Mg(OH)2 as a 

corrosion product,23 and the formation and subsequent dissolution of MgH2.
24 Application 

of a multilayered protective coating scheme, including a pretreatment inner layer and a 

polymer sealant over-layer as a minimum, is currently the preferred corrosion control 

strategy within the automotive industry.4,25-26 Inorganic-based coatings applied either 

through chemical conversion or electrolytic deposition processes have been extensively 

researched for this purpose, without any one particular combination of processes being a 

clear cut favorite.25-28 Li alloying is known to significantly stifle the anodic kinetics of the 
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Mg matrix, with no concomitant effect on the cathodic kinetics, which is a unique kinetic 

combination not observed in other Mg alloys.29 The improved corrosion control is 

attributed to the formation of a more protective surface film, the exact composition of 

which is currently being delineated. Initially, it was suggested that a protective Li2CO3 

outer layer formed during ambient atmosphere exposure was responsible,29 as supported 

by results from x-ray photoelectron spectroscopy (XPS), grazing incident x-ray 

diffraction (GIXRD), and transmission electron microscopy (TEM) and associated 

techniques.29-31 However, the air-formed Li2CO3 layer has been shown very recently, 

using a suite of surface analysis techniques, to dissolve during bulk immersion in NaCl 

(aq),32 which is expected based on a chemical stability analysis for the corrosion of Mg-Li 

alloys.33 Yan, et al.,32 argue that the improved corrosion control stems from the formation 

of a Li-doped MgO inner layer within the intact surface film, which exhibits improved 

chemical stability relative to MgO, and of a Li-Al layered double hydroxide (LDH) on 

active cathode sites associated with secondary phase particles; both formations being 

effective in inhibiting cathodic activation. Regardless of the controlling Li film chemistry, 

the protective surface film that forms exhibits a self-healing capability when 

mechanically damaged.34 Thus, there is merit in the idea of utilizing the improved 

corrosion control imparted by a Li and/or Li2CO3 surface film as an applied self-healing 

pretreatment coating for Mg alloys rather than relying on Li alloying for its formation. 

Li2CO3 has been added as a leachable inhibitor additive in coating schemes applied to Al 

alloys for improved corrosion control.35-37 Dissolved Li ions promote the fast formation 

of a protective multilayered film comprised of Al, Li, and O.38-40 
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The objective of this work was to determine the extent to which dissolved Li2CO3 (aq) 

inhibits corrosion of AZ31B-H24 when immersed in NaCl (aq) as a precursor feasibility 

study to applying Li2CO3 (s) as a pretreatment layer within a protective coating scheme. 

The experimental approach combines electrochemical polarization, scanning vibrating 

electrode technique (SVET), volumetric H2 evolution, gravimetric mass loss, and XPS 

techniques for this purpose. Such an experimental approach has been successfully applied 

in previous investigations to determine the extent to which inorganic inhibitor 

components (other than Li2CO3) dissolved in NaCl (aq) can stifle corrosion of AZ31B, as 

well as providing mechanistic insight to surface film formation.41-43 

 Experimental Procedures 

Commercial AZ31B-H24 sheet metal product 1.5 mm thick was provided by 

Luxfer MEL Technologies (formerly Magnesium Elecktron) through Magna 

International. The chemical composition, as determined by inductively-coupled plasma 

optical emission spectroscopy (ICP-OES), is presented in Table 3.1. The composition 

reported is in compliance with that specified in ASTM B90/B90M-15 (“Standard 

Specification for Magnesium-Alloy Sheet and Plate”). The H24 temper implies the sheet 

product was strain hardened during rolling and then partially annealed to half hardness. 

No further processing was applied to the as-received sheet product. An isometric image of 

the AZ31B-H24 sheet product microstructure is shown in Figure 3.1. The material is a 

single phase alloy complete with a random distribution of secondary phase Al-Mn 

intermetallic particles. The composition of these particles are most commonly reported as 

Al8Mn5 with sizes ranging from 2 μm to 20 μm,44 although Al-Mn particles with sizes on 
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the order of tens of nanometers have also been resolved with TEM.45 The average grain 

size in the rolling direction-transverse direction (RD-TD) plane is 6.5±0.4 μm, which was 

determined using the Heyn lineal intercept procedure described in ASTM E112-13 

(“Standard Test Methods for Determining Average Grain Size”).  

Table 3.1. Chemical Composition (wt%) of AZ31B-H24 Sheet Metal 

Mg Al Zn Mn Si Fe Cu Ni 

Bal. 3.01 1.03 0.30 0.01 <0.005 <0.01 <0.005 
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Figure 3.1. Three-dimensional microstructure of the AZ31B-H24 sheet metal 

reconstructed using light optical microscopy images. The black dots indicate Al-Mn 

particles. 

The effectiveness of dissolved Li2CO3 to inhibit corrosion of AZ31B-H24 

immersed in bulk 100 mM NaCl (aq) was evaluated using electrochemical polarization, 

volumetric H2 evolution, and gravimetric mass loss with two concentrations: 1 mM (pH 

10.3) and 100 mM (pH 11.1). The 100 mM solution is just below saturation, which has 

been measured to 12.75 g/L (172.5 mM) at 25°C.46 An equivalent set of tests was 
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evaluated with two concentrations of dissolved LiOH, added in sufficient quantity to 

produce the same pH achieved with the two dissolved Li2CO3 concentrations, to help 

differentiate a dissolved carbonate ion (CO3 
2−) effect from the pH effect. Reagent grade 

NaCl (s), Li2CO3 (s), and LiOH (s) were used along with distilled water to make the 

corrosive solutions. A freshly prepared solution was used at ambient temperature for each 

experiment. No attempt was made to aerate or deaerate the solution either before or 

during immersion. 

Open-circuit potential (OCP) and potentiodynamic polarization measurements 

were performed using a conventional three-electrode cell that used AZ31B-H24 as the 

working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a 

graphite rod as a counter electrode. Potentiodynamic polarization measurements were 

initiated after a 1 h conditioning at the OCP. A scan rate of 1 mV/s was used starting at a 

potential −250 mV relative to the steady-state OCP measured after the 1 h conditioning 

step. Each measurement was repeated at least three times for reproducibility. A computer-

controlled Gamry Reference 600™† potentiostat was used to record the OCP response 

and perform the polarization measurements. Working electrodes were prepared by 

attaching a coated Cu wire to the rear face of a square (10 mm× 10 mm) sample and then 

cold mounting in epoxy resin with the front face (RD-TD plane) boldly exposed. The 

working (front face) surface was mechanically abraded using silicon carbide (SiC) paper 

up to a 2400 grit surface finish, using an ethylene glycol:ethanol mixture as a lubricant, 

and then rinsed with ethanol and dried with an absorbent wipe. 

Longer term (96 h) bulk immersion tests were also conducted to enable volumetric 
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H2 evolution measurements as a function of immersion time and an overall secant mass 

loss measurement for the exposure. Somewhat larger (15 mm× 15 mm) square AZ31B-

H24 samples were used in these tests with all exposed (face and edge) surfaces prepared 

by mechanical abrasion using the procedure described earlier. Volumetric H2 evolution 

measurements were made using the inverted burette method.47 The inverted burette was 

centered above the sample, which was placed flat on a rubber stopper at the bottom of a 

2,000 mL beaker containing 1,500 mL of the corrosive solution. A glass funnel was 

attached to the end of the burette to aid, with a diameter much larger than the dimensions 

of the sample to help with the efficient collection of H2 bubbles. Gravimetric mass loss 

measurements were made using a digital balance with 0.1 mg precision. Descaling of 

corrosion products was achieved using the procedure described in ASTM G1 (“Standard 

Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens”), involving 

the immersion of the corroded sample in a solution comprised of 200 g CrO3, 10 g 

AgNO3, and 20 g Ba(NO3)2 dissolved in 1,000 mL water for 60 s at room temperature. 

Each immersion test was repeated three times for reproducibility. 

SVET measurements were made using a Uniscan Instruments Model 370† 

scanning electrochemical workstation with an associated Environmental TriCell†. 

Working electrodes were prepared in the same manner as that described above for the 

polarization measurements with the only difference being the use of a smaller square (5 

mm× 5 mm) sample. Voltages were measured between the scanning Pt tip and a graphite 

ground/reference electrode. The diameter of the Pt tip was specified by the manufacturer 

to be in the range of 5 μm to 50 μm. Scans were performed after various immersion times 
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up to 24 h in: (i) 100 mM NaCl (aq) with pH ∼7, (ii) 100 mM NaCl (aq) + 100 mM 

Li2CO3 with pH 11.1, and (iii) 100 mM NaCl (aq) + 3 mM LiOH with pH 11.1. The 

probe outputs were measured using a series of sweeping line scans across the scan area 

with a velocity 1,000 μm/s with a height and width step size 100 μm and return velocity 

2,000 μm/s. The probe was vibrated in the vertical direction with an amplitude of 30 μm 

and a frequency of 80 Hz. The gain of the electrometer was set to 1,000, and the full-scale 

sensitivity of the lock-in amplifier was set to 16 mV. The peak-to-peak SVET voltage 

signal (Vpp) is related to the current flux density along the axis of probe vibration (iz) by: 

( )  /           pp z ppV i A =  (1) 

where κ is solution conductivity. SVET was used to help provide a qualitative overview 

assessment in terms of (i) time to breakdown, (ii) formation of mobile anodes, and (iii) 

cathodic activation associated with the mobile anodes. 

Post-exposure XPS surface analyses were conducted on intact surface films that 

formed during short-term immersion (2.5 h) in the same solutions used for the SVET 

measurements. Square (10 mm× 10 mm) samples that were mechanically abraded using 

the procedure described earlier were used for this purpose. The XPS analysis was 

conducted using a PHI Quantera II† scanning XPS microprobe instrument. Spectra were 

acquired using monochromatic Al Ka x-rays at 1,487 eV. A pass energy of 224 eV was 

used for the survey and 26 eV for high-resolution peaks of elements of interest. The step 

size was 0.8 eV for the survey and 0.1 eV for the high-resolution measurements. The 

take-off angle was 45°. Sputter depth profiles were acquired from a 1mm× 1mmsquare 

region using an Ar+ ion beam operated with voltage of 1 kV. 
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 Results  

Figures 3.2(a) and (b) compare the OCP response of AZ31B-H24 measured after 

immersion in 100 mM NaCl (aq) containing dissolved Li2CO3 and LiOH, respectively. 

All OCP responses show similar features, which includes an initial increase to a local 

maximum value followed by a decay toward an eventual steady-state value. However, the 

time it takes to reach the local maximum in the OCP, the associated value, and the steady-

state value vary with the dissolved Li2CO3 and LiOH concentration. The breakdown point 

of the native surface film formed on Mg and selected alloys immersed in NaCl (aq) can be 

identified by a local maximum in the OCP transient following immersion, marking the 

breakdown potential (Eb).
48 Thus, the value of Eb can be used as a measure of the relative 

chemical stability of the native surface film toward staving off corrosion. Values of the 

time required to reach Eb in 100 mM NaCl (aq) containing dissolved Li2CO3 and LiOH 

are listed in Table 3.2 for comparison. The trend is the same with both dissolved 

compounds; the time required for breakdown of the native surface film increases with an 

increase in the concentration added. Li2CO3 is less effective at extending the time for 

breakdown at pH 10.3, but is as effective as LiOH at extending the time for breakdown at 

pH 11.1. The value of Eb becomes more positive with the greater dissolved Li2CO3 and 

LiOH concentration Similarly, the steady-state OCP attained after breakdown becomes 

more positive with the additions in both cases. The increase is more pronounced with 

Li2CO3, as it coincides with the most positive (noble) steady-state OCP attained after 

breakdown. 
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Figure 3.2. OCP response measured immediately after immersion on 0.1 M NaCl (aq) at 

ambient temperature: (a) with dissolved Li2CO3 and (b) with dissolved LiOH. 

Table 3.2. Time Required for Surface Film Breakdown (Eb) in 100 mM NaCl (aq) 

pH Li2CO3 

(mM) 

Time (s) Eb (VSCE) LiOH 

(mM) 

Time (s) Eb (VSCE) 

~7 0 15 ± 3 −1.53 ± 0.05 0 15 ± 3 −1.53 ± 0.05 

10.3 1 220 ± 16 −1.52 ± 0.09 0.4 265 ± 4 −1.56 ± 0.11 

11.1 100 585 ± 15 −1.47 ± 0.12 3 570 ± 10 −1.50 ± 0.05 

 

Figures 3.3(a) and (b) show the typical potentiodynamic polarization response of AZ31B-

H24 measured after 1 h condition at the OCP in 100 mM NaCl (aq) containing dissolved 

Li2CO3 and LiOH, respectively. Both dissolved compounds affect the polarization 

response in a similar manner. The increase in the dissolved Li2CO3 and LiOH 

concentration coincides with a significant reduction in global anodic and cathodic 

kinetics. The reduction in global cathodic kinetics by both dissolved compounds is 

progressively larger with increasing concentration coinciding with lower global kinetics. 

A similar progressive decrease in the global anodic kinetics is observed with dissolved 

(a) Dissolved Li2CO3 (b) Dissolved LiOH
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Li2CO3. The global anodic kinetics associated with dissolved LiOH exhibit an inflection 

point that occurs at different potentials, where this potential is found to be less positive 

potential with the higher concentration addition. However, the global anodic kinetics 

converge at higher overpotentials, the magnitude of which being significantly lower than 

exhibited without dissolved LiOH. Unlike the case for global anodic and cathodic 

kinetics, the effect of the dissolved compounds on the corrosion potential (Ecorr) is 

distinctly different. Dissolved Li2CO3 causes a progressive decrease in Ecorr, whereas 

dissolved LiOH has no effect on Ecorr.  

 

Figure 3.3. Potentiodynamic polarization response measured after conditioning at the 

OCP for 1 h in 0.1 M NaCl (aq) at ambient temperature: (a) with dissolved Li2CO3 and (b) 

with dissolved LiOH. 

The amount of H2
 evolved during corrosion of AZ31B-H24 immersed in 100 mM 

NaCl (aq) with dissolved Li2CO3 and LiOH is shown in Figures 3.4(a) and (b), 

respectively. The H2 evolution kinetics follows a linear rate law, with the corresponding 

rate (slope of the line) decreasing with an increase in the dissolved concentration of both 

(a) Dissolved Li2CO3 (b) Dissolved LiOH
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compounds. The extent of inhibition observed at pH 11.1 is greater for the Li2CO3 

addition. The observation of a linear rate law is consistent with reported literature for 

AZ31 immersed in NaCl (aq).6 Figures 3.4(c) and (d) compare the corrosion rate 

determined from the 96 h mass loss measurement with that determined from the H2 

evolution measurements for dissolved Li2CO3 and LiOH, respectively. To calculate the 

corrosion rate from the H2 evolution measurements, the total volume of H2 evolved after 

the exposure was converted to moles of H2 evolved. It was assumed that 1 mole of Mg 

was oxidized for every mole of H2 gas evolved (100% efficiency) according to: 

( )2 22
( ) 2 ( ) ( ) ( )Mg s H O l Mg OH aq H g+ → +   (2) 

The moles of Mg oxidized were converted to a mass of Mg oxidized which, in turn, were 

adjusted by dividing by the nominal composition of Mg in the alloy to capture the mass of 

the alloy oxidized. The corresponding corrosion rate (mg/cm2/d) was calculated by 

dividing the oxidized mass by the exposed surface area and the exposure time. The mass 

loss value is consistently higher than H2 evolution value. This is an expected observation 

based on corrosion rate measurements reported for AZ31B in NaCl (aq).47 The likely 

explanation for the discrepancy is that the rate of H2 gas collection is not 100% efficient. 

Gas bubbles were observed to stick to the corroding AZ31B-H24 surface, as well as to the 

glass surfaces used to construct the collection apparatus (inverted funnel and upside-down 

burette). This is one of the main limitations of this technique.49 A contribution from the 

oxygen reduction reaction is unlikely as the pH in the solutions under study are less 13, 

which seems to be required during corrosion of AZ31B when immersed in aqueous 

alkaline solutions.50 Despite the discrepancy between the mass loss and the volumetric H2 
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gas rate, the trend with both metrics is the same: corrosion rate decreases with increasing 

dissolved Li2CO3 and LiOH concentrations. It is clear that dissolved Li2CO3 inhibits 

corrosion to a greater extent at pH 11.1: 0.08±0.03 (mass loss) and 0.03±0.01 (H2 

evolution) mg/cm2/d for dissolved Li2CO3 versus 0.32±0.06 (mass loss) and 0.17±0.07 

(H2 evolution) mg/cm2/d for dissolved LiOH. 
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Figure 3.4. H2 evolution measurements as a function of immersion time in 0.1 M NaCl 

(aq): (a) with dissolved Li2CO3 and (b) with dissolved LiOH. Corrosion rate comparison 

between mass loss and H2 evolution after 96 h immersion: (c) with dissolved Li2CO3 

and(d) with dissolved LiOH.  

 

Figure 3.5 shows a set of photographic images of the AZ31B-H24 samples taken 

after 96 h immersion in 100 mM NaCl (aq) without and with dissolved Li2CO3 and LiOH. 

Figure 3.5(a) shows the surface after immersion in 100 mM NaCl (aq) without additions. 

Approximately 70% of sample area is covered with corrosion products associated with the 

(a) Dissolved Li2CO3 (b) Dissolved LiOH

(c) Dissolved Li2CO3 (d) Dissolved LiOH
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filament-like corrosion mode. Dissolved Li2CO3 coincides with a significant reduction in 

the surface area covered with filament-like corrosion products (Figures 3.5[b] and [d]). In 

fact, filament corrosion product is not observed (with the unaided eye) on the surface 

immersed in the solution with 100 mM dissolved Li2CO3 (pH 11.1) (Figure 3.5[d]). 

Dissolved LiOH also coincides with a significant reduction in surface area covered by the 

filament-like corrosion product (Figures 3.5[c] and [e]). Filament-like corrosion product 

is visibly observed after immersion in the presence of 3 mM dissolved LiOH (pH 11.1) 

(Figure 3.5[e]).  
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Figure 3.5. Photographic images of the typical surface appearance after 96 h immersion 

in 0.1 M NaCl (aq) at ambient temperature without (a) and with dissolved 10 mM (b) and 

100 mM (d) Li2CO3 and dissolved 0.4 mM (c) and 3 mM (e) LiOH. 

  

 A set of SVET current density distribution maps acquired from AZ31B-H24 

during immersion in 0.1 M NaCl (aq) over a 12 h period are shown in Figure 3.6 to give 

baseline measurements. The results plotted are considered typical from the replicate set 

measurements recorded. After 0.5 h of immersion, the presence of the focal anode located 

in the top left corner indicates that localized corrosion had already initiated before this 

time. This observation is consistent with the relatively short time required for breakdown 
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of the native surface film indicated by the OCP response (15 s) shown in Figure 3.2. This 

focal anode is surrounded by a less intense and more diffuse cathode that occupies the 

remainder of the surface. The cathode current density is somewhat more intense along the 

top edge, directly to the right of the anode. With increased immersion time, this focal 

anode tends to separate into a cluster of anodes with similar current density that traverses 

laterally together across the surface: initially toward the bottom right corner (as measured 

after 2 h) and then across toward the right edge, where the cluster separates into two 

distinct focal anodes, again with similar current density (as measured after 4 h). These 

focal anodes are surrounded by a less intense and a more diffuse net cathode that is the 

remainder of the surface. After 6 h of immersion, only one focal anode can be observed, 

which has a significantly higher current density than the focal anodes that preceded it. 

Further immersion times show this focal anode also traverses laterally across the surface: 

initially toward the bottom left corner (as measured after 9 h) and then toward the top 

right corner (as measured after 12 h). This more intense focal anode is accompanied by a 

more intense cathode (increased current density) that is localized in the region trailing 

propagating focal anode, which demonstrates cathodic activation of the corroded surface. 

A photographic image of the corroded surface after 12 h immersion is also included. The 

majority of the surface is covered by a dark corrosion product. A small portion of the 

intact film remains at the top right corner of the surface. 
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Figure 3.6. Time resolved SVET maps collected during immersion in 0.1 M NaCl (aq) at 

ambient temperature. Also included is a photographic image of the working surface after 

12 h immersion. 

  

Figure 3.7 shows a set of SVET current density distribution maps acquired from 

AZ31B-H24 during immersion in 0.1 M NaCl (aq) with 100 mM dissolved Li2CO3 (pH 

11.1) for 24 h. After 0.5 h of immersion, a distinct anode and cathode is revealed in the 

surface, indicating that corrosion has initiated. The anode is located in the center with a 

lateral spread toward the bottom right corner and the cathode is located along the 

perimeter of the right half of the surface. The anode is significantly more diffuse and 

exhibits a significantly lower current density than that observed without dissolved Li2CO3 

(Figure 3.6). With an increase in immersion time up to 4 h, the anode region shifts to the 

lower right corner, with a concomitant shift in the cathode to the upper left corner, with 

any significant change in the current density of either the anode or cathode. A further 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

77 

increase in immersion time to 8 h shifts the anode toward the bottom right corner, with a 

concomitant shift in the cathode to include the remainder of the surface. This anode shift 

coincides with a higher current density, which is consistent with a reduction in surface 

area occupied by the anode. A further increase in immersion time out to 20 h has little 

effect on the anode and cathode in terms of location and current density: the anode and 

cathode sites have become fixed in position. The exception is the development of a 

weaker anode shoulder that has formed along the bottom edge toward the right corner. 

The photographic image of the corroded surface after 24 h immersion shows the intact 

film remains very much intact over the surface save for the few localized dark spots that 

coincide with the fixed anode.  

Figure 3.8 shows a set of SVET current density distribution maps acquired from 

AZ31B-H24 during immersion in 0.1 M NaCl (aq) with 3 mM dissolved LiOH (pH 11.1) 

for 24 h. After 0.5 h of immersion, a distinct anode and cathode region is revealed in the 

surface, indicating that corrosion has initiated in this case as well. The anode is located 

mostly in the lower right quadrant and the accompanying cathode located mostly in the 

upper half of the surface. Here too, the anode is significantly more diffuse and exhibits a 

significantly lower current density than that observed without the 3 mM LiOH addition 

(Figure 3.6). An increase in the immersion time to 8 h shifts the anode more toward the 

right half of the surface and the accompanying cathode is shifted more toward the left half 

of the surface. A further increase in immersion time to 20 h has little effect on the anode 

and cathode in terms of location and current density. However, after 24 h immersion, 

three focal anodes with increased current density are revealed in the bottom left corner. 
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These more intense focal anodes are accompanied by a more intense cathode (increased 

current density) that is localized in the region, presumably trailing the propagating focal 

anodes, which demonstrates cathodic activation of the corroded surface. The photographic 

image of the corroded surface after 24 h immersion shows the presence of dark corrosion 

product covering a portion. This portion for the surface is significantly smaller than that 

covering the surface immersed in 0.1 M NaCl (aq) without dissolved LiOH. This smaller 

portion reveals more clearly the filament-like nature of the corrosion mode. The 

observation of filament-like corrosion, complete with cathodic activation, in this alkaline 

solution is consistent with SVET measurements reported in the literature for AZ31 

immersed in alkaline NaCl (aq), where pH was shown to significantly affect the filament-

like corrosion at values ≥12.6 

 

Figure 3.7. Time resolved SVET maps collected during immersion in 0.1 M NaCl (aq) 

with dissolved 100 mM Li2CO3 (pH 11.1) at ambient temperature. Also included is a 

30 min 4 h 8 h 12 h

16 h 20 h

5mm

iz (A/m2)
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24 h
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photographic image of the working surface after 24 h immersion.on. Localized corrosion 

indications (dark spots) are identified by the arrows. 

 

Figure 3.8. Time resolved SVET maps collected during immersion in 0.1 M NaCl (aq) 

with dissolved 3 mM LiOH (pH 11.1) at ambient temperature. Also included is a 

photographic image of the working surface after 24 h immersion. 

A survey scan from each intact film (data not provided here), acquired after a very 

gentle sputter cleaning, reveals that the same set of elements are present on the surface: 

namely C, O, and Mg. Li was not detected in the intact film formed during immersion in 

0.1 M NaCl (aq) with either dissolved compound. Figure 3.9 shows the high-resolution 

C1s, O1s, and Mg1s spectra acquired from the three intact surface films. Each C1s 

spectrum exhibits two peaks. The lower energy peak, which has a higher intensity, is 

consistent with adventitious C on the surface. It is this peak that was used to calibrate all 

spectra acquired by assigning it a binding energy of 284.8 eV.51 The higher energy peak, 

which has a lower intensity, is consistent with metal carbonates (288 eV to 290 eV).51 The 

30 min. 4 h 8 h 12 h

16 h 20 h 24 h

iz (A/m2)

iz (A/m2)
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intensity of this metal carbonate peak is higher on the intact film formed during 

immersion in 0.1 M NaCl (aq) with added Li2CO3. Given that Li was not detected on the 

surface, this metal carbonate is likely MgCO3. The formation of MgCO3 over Li2CO3 is 

consistent with the increased thermodynamic stability (lower solubility) of MgCO3.
33 

Each Mg1s spectrum exhibits a single peak. The breadth of the peak is consistent with 

there being overlapping peaks involving MgO/Mg(OH)2 (1,304.5 eV)51 and MgCO3 

(1,305 eV).51 The O1s peak structure is more complex. The peak for the intact film 

formed in 0.1 M NaCl (aq) exhibits a distinct lower energy shoulder, clearly indicating 

overlapping peaks. The higher energy peak is consistent with a metal carbonate (531.5 eV 

to 532 eV),51 whereas the lower energy shoulder is consistent with a metal oxide (529 eV 

to 530 eV).51 The intact films formed with dissolved Li2CO3 and LiOH exhibit a single 

peak, which is shifted toward metal carbonates. However, the breadth of the peak implies 

a significant metal oxide contribution. 
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Figure 3.9. High resolution (a) C 1s, (b) Mg 1s and (c) O 1s XPS peaks acquired intact 

surface as formed after 2.5 h immersion in 0.1 M NaCl (aq) at ambient temperature 

without and with dissolved Li2CO3/LiOH (pH 11.1). 

 

Figure 3.10 shows concentration depth profiles for C and O: the two Mg film-

forming elements detected. The set profiles for C show that it is enriched at the film 

surface relative to the bulk in each case. The C enrichment is significantly higher on the 

intact film formed with dissolved Li2CO3. The thickness of the C enrichment (presumably 

MgCO3) is relatively thin, as it takes 30 s of sputtering or less to remove in each case. The 

(a) C 1s (b) Mg 1s

(c) O 1s
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set of profiles for O show that content within the bulk of the intact film is reasonably 

similar. The content is about 45 at%, which suggests the film is comprised of MgO rather 

than Mg(OH)2. Regardless, the more striking feature is the significantly difference in film 

thickness, with the films formed during immersion with the dissolved Li2CO3 and LiOH 

being much thinner than that formed without (during immersion in 0.1 M NaCl (aq) 

alone). 

 

 

Figure 3.10. Elemental depth profile of the major filming elements (a) C and (b) O 

comprising the intact surface film as formed 2.5 h immersion in 0.1 M NaCl (aq) at 

ambient temperature without and with dissolved Li2CO3/LiOH (pH 11.1). 

 

 Discussion 

The objective of this work was to determine the extent to which dissolved Li2CO3 

inhibits corrosion of AZ31B-H24 when immersed in NaCl (aq) as a precursor feasibility 

study to applying Li2CO3 (s) as a pretreatment layer within a protective coating scheme. It 

is clear from Figure 3.4 that dissolved Li2CO3 significantly inhibits corrosion, particularly 

(b) O Profile(a) C Profile
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at a concentration (100 mM) approaching the solubility limit (172.5 mM).46 Corrosion is 

reduced from 0.91±0.11 (mass loss) and 0.5±0.18 (H2 evolution) mg/cm2/d to 0.08±0.03 

(mass loss) and 0.03 ±0.01 (H2 evolution) mg/cm2/d with 100 mM dissolved Li2CO3: an 

order of magnitude reduction. In comparison, dissolved LiOH at an equivalent pH (11.1) 

only reduces corrosion to 0.32±0.06 (mass loss) and 0.17±0.07 (H2 evolution) mg/cm2/d. 

The increased inhibition in the presence of dissolved Li2CO3 relative to dissolved LiOH, 

at an equivalent pH, indicates added benefits beyond alkalinity alone. Key aspects of the 

inhibitions are discussed below. 

The chemistry of dissolved Li2CO3 can be summarized for the most part by the 

following set of chemical reactions (equilibrium constants quoted for 298 K):52 

𝐿𝑖2𝐶𝑂3(𝑠) → 2𝐿𝑖+(𝑎𝑞) + 𝐶𝑂3
−2(𝑎𝑞) 𝑘𝑠𝑝 = 8.15 × 10−4   (3) 

2 4

3 2 3( ) ( ) ( ) 2 10bCO aq H O HCO aq OH aq k− − − −+ → + =     (4) 

Thus, possible factors affecting corrosion inhibition directly derived from the 

dissolved Li2CO3 include increased pH (alkalinity through OH− production), Li+ cation 

concentration, and/or the total dissolved carbonate concentration. The fact that dissolved 

Li2CO3 inhibits corrosion of AZ31B-H24 to a greater extent than dissolved LiOH at an 

equivalent pH implies that inhibition beyond alkalinity (pH) is provided by Li+ cations 

and/ or dissolved carbonate anions. Figure 3.11 compares the potentiodynamic 

polarization curves for AZ31B-H24 after conditioning at the OCP for 1 h in 0.1 M NaCl 

(aq) without and with dissolved Li2CO3 and LiOH at pH 11.1. Both additions reduce the 

global cathode (H2 evolution) and global anode (anodic dissolution) kinetics. The global 

cathodic kinetics is reduced by a similar extent, but the global anodic kinetics shows 
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substantial differences. Both additions stifle the global anodic kinetics, but dissolved 

Li2CO3 has the greater effect, consistent with the lower global corrosion rate. It follows 

that alkalinity alone is likely responsible for the reduced global cathode (H2 evolution) 

kinetics, whereas Li+ cations and/or dissolved carbonate anions are responsible for the 

reduced global anodic kinetics beyond what alkalinity alone can achieve. 

 

Figure 3.11. Potentiodynamic polarization response measured after conditioning at the 

OCP for 1 h in 0.1 M NaCl (aq) at ambient temperature without and with dissolved 

Li2CO3/LiOH (pH 11.1). 

To help clarify the suspected Li+ cation effect on the global anode kinetics, 

replicate potentiodynamic polarization measurements were conducted 0.1 M NaCl (aq) 
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with the addition of 100 mM Na2CO3 and 3 mM Na(OH) (aq), respectively, and 

compared to the measurements made in the counterpart Li salt solutions. The comparison 

is shown in Figure 3.12. In the 100 mM carbonate solution, it is clear that the global 

anodic kinetics of AZ31B-H24 is lower with dissolved Li2CO3 relative to dissolved 

Na2CO3. In contrast, there is no significant difference in the global anodic kinetics of 

AZ31B in the hydroxide solution between dissolved LiOH and NaOH. Based on the 

latter, it is clear that the concentration of Li+ matters to corrosion inhibition of AZ31B-

H24. 

 

Figure 3.12. Potentiodynamic polarization response measured after conditioning at the 

OCP for 1 h in 0.1 M NaCl (aq) at ambient temperature (a) with dissolved Li2CO3 vs. 

Na2CO3 (100 mM) and (b) with dissolved LiOH vs. NaOH (3 mM). 

  

The initial set of time-resolved SVET measurements reveal similar features upon 

immersion in both alkaline solutions, consistent with corrosion involving a diffuse anode 

and cathode with limited mobility. Such corrosion is consistent with the OCP transients, 

(a) Alkaline Carbonate (b) Alkaline Hydroxide



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

86 

which show that the time required for breakdown of the native surface film to occur is 

considerable short (less than 600 s) despite the longer times being recorded in the alkaline 

solutions (Table 3.2). This stage has been described as the “film forming” stage, whereby 

corrosion occurs according to Equation (1) with the formation of Mg(OH)2 surface film 

through a dissolution-precipitation process.6 The relatively low anodic current density 

measured is consistent with the relatively low Mg2+ cation concentration required to 

saturate the solution at pH 11.1 given the relatively low solubility product of Mg(OH)2 

(1.24 × 10−11 M at 25°C in 1 M NaCl (aq)).53 A dissolution-precipitation process for 

Mg(OH)2 formation on Mg corroding in alkaline NaCl (aq) (pH 9 to 11), the growth of 

which follows a linear rate law, has been recently verified using in situ Raman 

spectroscopy (RMS) and associated kinetic Raman mapping (KRM).54 Sustained anodic 

dissolution in both cases results from the porous and evolving oxide-hydroxide film that 

forms in both neutral55-57 and alkaline solutions50,58 and the microgalvanic coupling to Al-

Mn intermetallic particles that serve as fixed active cathodes.6,10-12 The absence of 

filamentlike corrosion in the alkaline solutions after conditioning at the OCP for 1 h 

precludes any significant cathode activation contribution to the global cathode kinetics 

(Figure 3.11). The similarity in global cathode kinetics is consistent with this description. 

The simplest explanation for the lower cathodic kinetics observed in the alkaline solutions 

then is likely the reduction in the equilibrium half-cell potential of the H2 evolution 

reaction at pH 11.1 (with dissolved Li2CO3/LiOH) relative to pH 6.9 (without dissolved 

Li2CO3/LiOH), as expected with mixed potential theory. 

Significantly reduced anodic kinetics in the Li2CO3-alkaline solution, relative to 
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the LiOH-alkaline solution, implies that Li+ cations and/or dissolved carbonate anions 

play a key role in anodic dissolution. Alloyed Li is believed to significantly impede the 

anodic kinetics through the formation of a more stable oxidized surface layer, the precise 

chemistry of which is still being investigated.29-32,34 Dissolved carbonate (HCO3
−/CO3

2−) 

anions, on the other hand, have a complex effect on anodic kinetics. Significantly more 

focus has been placed on elucidating the effect of bicarbonate (HCO3
−) anions on the 

anodic dissolution of Mg and its alloys when considering dissolved CO2 effects on 

corrosion59-60 and corrosion in simulated bodily fluids.61-62 Interestingly, deliberate 

HCO3
− anion additions (less alkaline) tend to initially increase the anodic kinetics by 

enhancing dissolution of the air-formed MgO/Mg(OH)2 film (exposing bare metal) and 

finally inhibiting anodic dissolution after an insoluble MgCO3 corrosion product forms on 

the bare metal surface.63 In contrast, deliberate CO3
2− additions (more alkaline) tend to 

decrease anodic dissolution, presumably by the formation of a MgCO3 corrosion product 

over-layer that serves as a physical barrier.64 The XPS results, which show the formation 

of a thin MgCO3 corrosion product over-layer on the intact MgO/Mg(OH)2 surface film, 

formed in the Li2CO3-alkaline solution, provide some support for a CO3
2− anion-induced 

inhibition of the anodic dissolution kinetics. However, as argued below, it is believed that 

Li+ cations are responsible for the anodic dissolution inhibition observed. 

A striking feature associated with the corrosion inhibition observed is the 

suppression of filament-like corrosion, at least on the macroscale. As discussed earlier, a 

“film formation” stage is quickly established upon immersion in the alkaline solutions. 

Initiation of the filament-like corrosion requires the localized breakdown of the intact 
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surface film that forms during the “film formation” stage as a precursor event. The onset 

of the filament-like corrosion occurs rather quickly in 0.1 M NaCl (aq), as shown by the 

SVET measurement taken after 2 h of immersion. The onset is significantly delayed in the 

LiOH-alkaline solution, requiring at least 22 h of immersion to develop, whereas it does 

not develop within 24 h of immersion in the Li2CO3-alkaline solution. However, the 

localized dark spots are indicative that localized corrosion has initiated.54 

The delayed breakdown in alkaline solution can be explained by the higher 

relative stability of the intact surface film in alkaline solutions. As the XPS analysis 

indicates, this film is comprised of MgO and Mg(OH)2 as major components. Direct 

imaging and characterization by TEM and associated techniques of the intact film formed 

on Mg and its alloys during immersion in aqueous solutions consistently shows a layered 

structure with a thin, compact MgO layer residing at the film/metal interface.7,54-58 This 

layer is prone to chemical dissolution (hydration) and associated stress-rupture when in 

contact with water,7,65 with the hydration kinetics being much slower in alkaline 

solutions.66-67 It is expected that bare metal is exposed at these hydration-induced stress-

rupture sites that trigger localized corrosion initiation, which is the mode being dictated 

by solution chemistry. If we can take a cue from what is known about filament 

propagation, then it is reasonable to consider that cathodic activation of the dissolving 

bare metal site plays a key role in filament initiation. In the LiOH-alkaline solution, 

cathodic activation occurs and filament-like corrosion initiates, albeit with a lower anodic 

and cathodic current density relative to the 0.1 M NaCl (aq) case. In contrast, in the 

Li2CO3-alkaline solution, it is proposed that cathodic activation is effectively suppressed 
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by the formation of a Li-containing oxide/hydroxide, with a similar mechanism to that 

proposed for Mg-Li-(Al-Y-Zr) alloys after the initial dissolution of the air formed Li2CO3 

layer.32 More research in the form of site-specific surface analysis of the breakdown site 

(dark regions in Figure 3.7) is necessary to confirm this hypothesis. 

An alternative theory for the suppression of cathodic activation involves the 

formation of MgCO3 on the dissolving bare metal surface, as suggested for Mg anodically 

dissolving in 0.1 M Na2CO3 (aq).64 However, such formation is ruled unlikely considering 

the chemical stability for Mg(OH)2 relative to MgCO3 at pH 11.1, with the former being 

more stable at the CO3
2− concentration of ∼100 mM used in this study.33 Without 

cathodic activation, localized corrosion likely occurs with the continued anodic 

dissolution through the surface films formed with the necessary cathodic current being 

supplied by nearby Al-Mn intermetallic particles, which serve as active cathodes. There is 

clearly a need for more research to elucidate the underlying dissolved Li2CO3 inhibition 

mechanism. Planned studies include pretreating AZ31B-H24 with Li2CO3 coating applied 

via a chemical deposition process that will be coupled with site-specific surface analysis 

of focused ion beam sample preparation for characterization by TEM and associated 

techniques. 

 Conclusions 

➢ Dissolved Li2CO3 significantly inhibits corrosion of AZ31B-H24 in 0.1 M NaCl 

(aq) at ambient temperature. The addition of 100 mM, which is below the 

solubility limit at 25°C, reduces corrosion by a factor of 10. Inhibition involves 

both the anode (anodic dissolution) and the cathode (H2 evolution) processes. The 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

90 

increased inhibition in the presence of dissolved Li2CO3, relative to dissolved 

LiOH at an equivalent pH, indicates added benefits of dissolved Li beyond 

alkalinity alone. 

➢ Corrosion inhibition is directly tied to the suppression of the filament-like 

corrosion mode and associated cathodic activation. Corrosion in the presence of 

dissolved Li2CO3 still involves initial “film formation,” where corrosion involves 

the growth of an oxide/hydroxide surface film. However, the transition to 

filament-like corrosion, and associated cathodic activation, at a breakdown site is 

suppressed by the presence of dissolved Li2CO3. More research is required to 

delineate the fine scale electrochemical processes that are responsible for this 

suppression. 
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 Supporting information  

 

 

Figure 3.13. Cross-sectional SEM images For AZ31B-H24 of hydrogen evolution and 

mass loss measurements for 4 days in 0.1 M NaCl (aq) (a) 0 mM and (b) 100 mM (pH 

11.1) Li2CO3 (aq).  

 
Figure 3.14. (a) Low magnification SEM image for AZ31B in 0.1 M NaCl (aq) after 2.5 h 

immersion time, (b) Low magnification SEM for AZ31B in 0.1 M NaCl (aq) with 100 

mM Li2CO3 (aq) after 2.5 h immersion time, (c) Higher magnification of marked area in 

(a) and (d) Higher magnification of marked area in (b).  
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 Abstract 

The extent of corrosion inhibition of Mg alloy ZEK100 in 100 mM NaCl (aq) imparted by 

dissolved Li2CO3 (aq), with a particular focus on Li incorporation into the surface film 

that forms under activated anodic dissolution (anodic polarization) was determined. 

Dissolved Li2CO3 reduces corrosion by a factor of ~12 when added at a concentration 

(100 mM) just below saturation. Effective inhibition involves suppressing the transition to 

filament-like corrosion, and associated anode/cathode activation, initiating at local 

breakdown sites. Such suppression is linked to the formation of Li-doped MgO as a 

corrosion product film during activated anodic dissolution. When formed by anodic 

polarization, the film composition also significantly affects the chloride ion distribution 

with the film. Without Li incorporation, chloride ions tend to enrich at the film/metal 

interface, whereas with Li incorporation, chloride ions tend to be uniformly distributed 

within the film. 
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 Introduction 

The low temperature formability of lightweight Mg alloy ZEK100 (1.3% Zn, 

0.2% Nd, 0.25% Zr, balance Mg) sheet metal continues to attract interest in the 

automotive industry as a means to reduce vehicle weight (with concomitant improved fuel 

efficiency) through use of multi-material structural assemblies 1-3. Increase utilization, 

however, continues to be stifled by corrosion, particularly so in NaCl (aq) 4-6. Similar to 

Mg alloy AZ31B (3% Al, 1% Zn, 0.5% Mn, balance Mg) 7-11, corrosion of ZEK100 

occurs via a localized filament-like mode that is driven by enhanced H2 gas evolution 

(cathode activation) of the dissolving surface (anode activation) 12-14. The mode involves 

the initiation of local activated anodes on the filmed surface, likely at secondary phase 

particles that serve as cathodes 15,16. The local activated anodes then propagate across the 

filmed surface driven by cathode activation, which mostly takes place at the local anode 

site, but with some contribution from the porous oxide/hydroxide corrosion products left 

behind 17-19. A consensus on the cathode activation mechanism has yet to be attained 20. 

Proposed theories currently include the formation of an activated cathode either on the 

bare dissolving surface 21,22, noble metal enrichment due to selective dissolution of Mg 23-

25 or re-deposition 26,27, or freshly formed Mg(OH)2 
28. An alternative, recently revisited, 

theory is the formation and subsequent dissolution of MgH2 
29. 

Application of a protective coating is the desired corrosion control strategy for Mg 

alloys in the automotive industry 5,30-32. As a minimum for corrosion control, typical 

schemes include a surface pre-treatment barrier layer and a polymer-based sealant over-

layer. The storage of inhibiting (inorganic or organic) compounds for controlled release at 
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coating defects sites, however initiated, is a key design criterion for the development of 

next generation coating schemes. The concept is exemplified by the improved corrosion 

control of Mg alloys coated with inhibitor intercalated ion-exchangeable hydrotalcite 

(HT) or layered double hydroxide (LDH) surface pre-treated layers 33-39. It follows that a 

well-developed understanding of a given inhibitor’s efficiency in controlling corrosion of 

bare Mg alloys in NaCl (aq) is critical to inhibitor selection and, thus coating design. 

Inhibitor types studied in this context include anode/cathode site specific adsorption and 

barrier/blocking effects of anionic surfactants 40-43, complexing of dissolved noble metal 

(relative to Mg) to prevent re-deposition and associated cathode activation 44,45 and 

sparingly soluble anions to promote surface film formation 46-49. 

Combining the beneficial effect of Li, as an alloying element, on stifling the 

anodic kinetics of Mg 50 and of dissolved OH− anions 51,52 and total dissolved carbonate 

anions (CO3
2−/HCO3

−), produce by dissolving a carbonate salt 53,54, on stifling both the 

anode and cathode kinetics of Mg, we investigated the inhibition extent imparted by 

dissolved Li2CO3 (aq) on the corrosion of AZ31B-H24 in 0.1 M NaCl (aq) with 

promising results 55. We showed that dissolved Li2CO3 (aq) inhibits corrosion by 

suppressing the filament-like corrosion mode and associated anode/cathode activation at 

breakdown sites. We also showed that inhibition involves a reduction in both the global 

anode (anodic dissolution) and the global cathode (H2 evolution) kinetics. We proposed 

the formation of a Li-containing oxide/hydroxide, with a similar mechanism to that 

proposed for Mg-Li-(Al-Y-Zr) alloys when corroding in NaCl (aq) 56-58, forms at 
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breakdown sites to provide the inhibition observed, but presented no surface analysis 

evidence. 

The purpose of this work was to determine the extent of corrosion inhibition of 

Mg alloy ZEK100 in 0.1 M NaCl (aq) imparted by dissolved Li2CO3 (aq), in terms of the 

combinatory inhibiting effect of Li+ (aq), OH− (aq) and CO3
2−/HCO3

− (aq). A particular 

focus was placed on determining the extent of Li incorporation into the surface film that 

forms under activated anodic dissolution (anodic polarization) in the presence of 

dissolved Li2CO3. Conventional electrochemical and bulk immersion measurements 

coupled with site specific X-ray photoelectron spectroscopy (XPS) and conventional and 

scanning transmission electron microscopy (TEM/STEM) were used for this purpose. 

 

 Experimental 

Commercial ZEK100 sheet metal with a nominal thickness of 1.5 mm was 

supplied by Magna International (originally from Luxfer MEL Technologies (formerly 

Magnesium Elecktron)) in the fully-annealed O temper. Inductively coupled plasma - 

optical emission spectroscopy (ICP-OES) was used to determine the chemical 

composition: 1.4% Zn + 0.2% Nd + 0.28% Zr, balance Mg. A typical three-dimensional 

orthogonal view of the etched microstructure is shown in Figure 4.1a. The microstructure 

is comprised of a single phase (α Mg matrix phase) and a distribution of near-globular 

second phase intermetallic particles. These include ternary Mg-Zn-Nd and Zr-rich 

particles 12,59,60. The typical appearance and elemental composition of the second phase 

particles is shown in Figure 4.1b by the backscattered electron image and associated EDS 
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line scans. The average grain size (measured for the RD-TD plane using the Heyn lineal 

intercept procedure of ASTM E112-13) is 37 ± 0.6 μm. 

 

 
Figure 4.1. (a) Three-dimensional microstructure of the ZEK100 sheet metal 

reconstructed using light optical microscopy images. (b) back-scattered image of cross-

sectional microstate showing typical appearance of second phase particles and associated 

SEM-EDS line scan showing elemental composition profile across such particles. 

The inhibition effect of 0.1 M Li2CO3 (aq) on corrosion of ZEK100 immersed in 

0.1 M NaCl (aq) at ambient temperature was assessed using electrochemical polarization, 

volumetric H2 evolution and gravimetric mass loss. The Li2CO3 (aq) concentration chosen 

for study (0.1 M) is just below saturation: 12.75 g/L (0.1725 M) at 25 °C 61. We showed 
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that this concentration, over the range from 0.0001 M to 0.1 M, inhibited corrosion of 

AZ31B-H24 to the greatest extent 55. The pH of this inhibiting solution is 11.1. Similar 

testing was conducted in pairs of test solutions to determine combinatory effects of 

dissolved Li+ cations, OH−anions and CO3
2−/HCO3

− anions on corrosion inhibition. Table 

1 summarizes the solutions. Of the six solutions, two are near-neutral (pH ~7) and the 

remaining four are alkaline with pH ~11. In particular, solution 6 versus solution 1 

provides the combinatory inhibiting effect of Li+ (aq), OH− (aq) and CO3
2−/HCO3

− (aq). 

Solution 2 versus solution 1 isolates the inhibiting effect of Li+ (aq) at near-neutral pH 

(~7). Solutions 3 and 4 versus solution 1 isolate the inhibiting effect of OH− (aq) with a 

high and low Li+ (aq) concentration at alkaline pH (~11). Finally, solutions 5 and 6 versus 

solution 1 isolate the inhibiting effect of CO3
2−/HCO3

− (aq) with and without a high Li+ 

(aq) concentration. All solutions were prepared fresh, using reagent grade chemicals and 

distilled water, and naturally aerated during testing. 

Table 4.1. Summary of Test Solutions 

No. Test Solution Li+ (aq) OH− (aq)  CO3
2− / HCO3

− (aq) 

1 100 mM NaCl (Baseline) No No No 

2 100 mM LiCl Yes (high) No No 

3 100 mM NaCl + 3 mM LiOH Yes (low) Yes No 

4 100 mM LiCl + 3 mM LiOH Yes (high) Yes No 

5 100 mM NaCl + 100 mM Na2CO3 No Yes Yes 

6 100 mM NaCl + 100 mM Li2CO3 Yes (high) Yes Yes 

 

Electrochemical measurements, including open-circuit potential (OCP) and 

potentio-dynamic polarization, were conducted using a conventional three electrode 

polarization cell. A saturated calomel electrode (SCE) was used a reference electrode and 

a graphite rod was used as a counter electrode. The sequence used consisted of an 1 h 
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immersion at the OCP followed by a potentiodynamic polarization using scan rate of 1 

mV/s, starting at a potential −250 mV relative to the steady-state OCP recorded after 1 h. 

Each polarization measurement was repeated at least three times for reproducibility. A 

computer-controlled Gamry Reference 600™ potentiostat was used for these 

measurements. The RD-TD plane of ZEK100 served as the working surface. A coated Cu 

wire was attached to the back face of a square (10 mm × 10 mm) sample before cold 

mounting in epoxy resin with the front face exposed to create a working electrode. The 

working surface was mechanically abraded to a 2400 grit surface finish, using SiC 

abrasive paper (CAMI 800/FEPA P2400, micron 14) and an ethylene glycol-ethanol 

lubricant, and then rinsed with ethanol and dried with an absorbent wipe. These 

measurements were not IR corrected. 

Bulk immersion tests (96 h in duration) were used to determine the corrosion 

kinetics via volumetric H2 evolution measurements made as a function of immersion 

time. Larger square (15 mm × 15 mm) samples were used for bulk immersion testing. The 

face and edge surfaces were prepared using the mechanical-abrasion procedure already 

described. Volumetric H2 evolution measurements were made using the inverted burette 

method 62. The working sample was placed flat on a rubber stopper on the bottom of a 

beaker containing 1500 mL of the test solution, centered underneath an inverted burette. 

A glass funnel, with a diameter much larger than the working sample, was attached to the 

open end of the inverted burette to help improve efficiency of H2 bubble collection. A 

mass loss measurement was also made after the 96 h duration, using a digital balance with 

0.1 mg precision. A secant rate was determined using this value for comparative 
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purposes. The measurement was made after removal of corrosion products, which 

involved immersing the corroded sample in a solution comprised of 200 g CrO3, 10 g 

AgNO3 and 20 g Ba(NO3)2 dissolved in 1000 mL water for 60 s at room temperature (as 

described in ASTM G1). Each immersion test was repeated three times for 

reproducibility. 

XPS was used to determine the composition of the intact surface film that formed 

on square samples (10 mm × 10 mm) during short-term immersion (2.5 h) in 0.1 M NaCl 

(aq) with and without dissolved Li2CO3. The working surface (RD-TD plane) was 

prepared using the mechanical-abrasion procedure already described. A PHI Quantera II 

Scanning XPS Microprobe instrument was used for this purpose. Spectra were acquired 

using monochromatic Al Ka X-rays at 1487 eV and a 45° take-off angle. The survey was 

acquired using a pass energy of 224 eV and a step size of 0.8 eV. High resolution peaks 

of elements of interest were acquired using a pass energy of 26 eV and a step size of 0.8 

eV. 

TEM/STEM was used to determine the composition of the film formed under 

potentiostatic anodic polarization using the electrochemical apparatus already described. 

Two 0.1 M NaCl (aq) based solutions were used: one with dissolved Li2CO3 and the other 

with dissolved Na2CO3. The potential was held for 30 minutes. at a value 150 mV more 

positive than the OCP, which was established after 1 h conditioning. Working samples 

were carefully removed from the epoxy mount after anodic polarization. FIB milling 

(Zeiss NVision† 40 FIB microscope) was then used to create electron transparent thin 

cross-sectional foils of the anodic film suitable for the TEM/STEM examination (Thermo 
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Scientific Talos 200X equipped with a Gatan ContinuumS GIF EELS spectrometer and a 

Super-X EDS system). Since the anodic films produced were relatively thin, an initial 

protective layer of C was electron beam deposited on the region of interest followed by an 

over-layer of ion beam deposited W. The foils were examined using an operating voltage 

of 200 kV with a cryogenic stage used to maintain the sample temperatures near −178 °C 

to minimize electron beam damage. This procedure has proved successful in resolving 

fine scale features of anodic films formed on Mg 23 and Mg alloys 8,63. 

 Results  

Figure 4.2 shows four OCP transient comparisons for ZEK100 immersed in the 

different solutions listed in Table 4.1. Collectively, the OCP transients show similar 

features, namely an initial rapid increase to a local maximum value and subsequent 

relatively slower decay to a local minimum value followed by a small increase to a quasi 

steady state value. Such features are commonly observed in OCP transients of Mg and 

Mg alloy in aqueous saline solutions. The local maximum attained has been correlated 

with the breakdown of the intact surface film and, thus demarcates a breakdown potential 

(Eb) 
14,64. Thus, relative differences in the chemical stability of the intact surface film 

against breakdown and associated localized corrosion can be assessed based on the time 

to reach Eb. Such a comparison in presented in Table 4.2. In general, the time to reach Eb 

is longer time in the alkaline solutions. 
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Figure 4.2. OCP transients for ZEK100 immersed in the different solutions listed in Table 

4.1: solution 1: 100 mM NaCl (aq) (baseline); solution 2: 100 mM LiCl (aq); solution 3: 

100 mM NaCl (aq) + 3 mM LiOH (aq); solution 4:  100 mM LiCl (aq) + 3 mM LiOH 

(aq); solution 5: 100 mM NaCl (aq) + 100 mM Na2CO3 (aq); solution 6: 100 mM NaCl 

(aq) + 100 mM Li2CO3 (aq). 
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Table 4.2. Time Required for Surface Film Breakdown (Eb) 

No. pH Solution Composition Time (s) Eb (VSCE) 

1 

2 

Near-Neutral (~7)  

Near-Neutral (~7) 

100 mM NaCl 

100 mM LiCl 

64 ± 14 

62 ± 31  

−1.64 ± 0.12 

−1.58 ± 0.09 

3 

4 

Alkaline (~11) 

Alkaline (~11) 

100 mM NaCl + 3 mM LiOH 

100 mM LiCl + 3 mM LiOH 

99±7 

88 ± 23 

−1.62 ± 0.08 

−1.59 ± 0.02 

5 

6 

Alkaline (~11) 

Alkaline (~11) 

100 m M NaCl + 100 mM Na2CO3 

100 mM NaCl + 100 mM Li2CO3 

261 ± 59 

2971 ± 37 

−1.58 ± 0.13 

−1.56 ± 0.06 

 

Several observations regarding the combinatory effect of the inhibitors on the 

relative stability of the intact surface film (time to reach Eb) formed on ZEK100 are 

extracted. First, replacing100 mM NaCl (aq) with 100 mM LiCl (aq) has no significant 

effect on increasing the relative chemical stability of the intact surface film (Figure 4.2b). 

The time to reach Eb is essentially the same considering the experimental errors reported 

the replicate measurement sets: 62 ± 31 s for LiCl (aq) versus 64 ± 14 s for NaCl (aq). 

Second, the addition of 3mM LiOH (aq) has a beneficial effect on the chemical stability 

of the intact surface film, relative to the baseline (Figure 4.2c). The time to reach Eb is 

increased: 99 ± 7 s with LiOH (aq) versus 64 ± 14 s without. However, no additional 

benefit is observed when replacing 100 mM NaCl (aq) with 100 mM LiCl (aq). The time 

to reach Eb is essentially the same considering the experimental errors reported the 

replicate measurement sets: 88 ± 23 s for LiCl (aq) with LiOH versus 99 ± 7 s NaCl (aq) 

with LiOH (aq). Third, the addition of 100 mM Na2CO3 (aq) also has a beneficial effect 

on the chemical stability of the intact surface film, relative to the baseline (Figure 4.2d). 

The time to reach Eb is increased, relative to the baseline: 261 ± 59 s with Na2CO3 (aq) 

versus 64 ± 14 s without. However, a substantial additional benefit is observed when 

replacing 100 mM Na2CO3 with 100 mM Li2CO3 (aq). The time to reach Eb is sustainably 
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increased: 2971 ± 37 s with Li2CO3 (aq) versus 261 ± 59 s with Na2CO3 (aq). Thus, the 

largest increase in the time to breakdown, relative to the baseline (solution 1), is observed 

with the addition of 100 mM Li2CO3 (solution 6). 

Figure 4.3 shows four potentiodynamic polarization measurement comparisons for 

ZEK100 immersed in the different solutions listed in Table 4.1. Figure 4.3a shows the 

effect of adding 100 mM Li2CO3 (aq) on the polarization response of ZEK100, relative to 

the baseline solution. The addition coincides with a significant reduction in both the 

global anode and cathode kinetics. The global anode kinetics exhibit an increased 

polarizability with dissolved Li2CO3 present, which is indicative of the formation of a 

more protective surface film. Regarding the combinatory effect of the inhibitors, the 

following observations are extracted from the remaining comparisons. First, replacing 

100 mM NaCl (aq) with 100 mM LiCl (aq) has no significant effect on either the global 

anode or cathode kinetics (Figure 4.3b). Second, the addition of 3mM LiOH (aq) reduces 

both the global anode and cathode kinetics, relative to the baseline (Figure 4.3c). 

However, the addition has little effect on the polarizability of the global anode kinetics. 

An additional reduction in global cathode kinetics is observed when replacing 100 mM 

NaCl (aq) with 100 mM LiCl (aq) in combination with 3 mM LiOH (aq). However, there 

is no effect on global anode kinetics other than being shifted to more negative potentials. 

Third, the addition of 100 mM Na2CO3 (aq) also reduces both the global anode and 

cathode kinetics, relative to the baseline (Figure 4.3d). The addition also increases the 

polarizability of the global anode kinetics. An additional reduction in both the global 
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anode and cathode kinetics is observed when replacing 100 mM Na2CO3 (aq) with 100 

mM Li2CO3 (aq), without altering the increased polarizability of the anode kinetics. 

 

Figure 4.3. Potentiodynamic anodic polarization measurements for ZEK100 immersed in 

the different solutions listed in Table 4.1: solution 1: 100 mM NaCl (aq) (baseline); 

solution 2: 100 mM LiCl (aq); solution 3: 100 mM NaCl (aq) + 3 mM LiOH (aq); 

solution 4:  100 mM LiCl (aq) + 3 mM LiOH (aq); solution 5: 100 mM NaCl (aq) + 100 

mM Na2CO3 (aq); solution 6: 100 mM NaCl (aq) + 100 mM Li2CO3 (aq). 

Plots comparing the volumetric H2 evolution measurements made during 

corrosion of ZEK100 immersed in the different solutions listed in Table 4.1 are shown in 
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Figure 4.4. H2 evolution during the corrosion follows a linear rate law in all solutions, 

regardless of composition and pH. The R2 value for each case is included in the legend 

for comparative purposes. The linear rate constants are listed in Table 4.3. The addition of 

100 mM dissolved Li2CO3 significantly reduces the rate of H2 evolution by an order of 

magnitude (by a factor of 11.5), relative to the baseline (Figure 4.4a). The following 

observations are extracted for combinatory effect of the inhibitors. First, replacing 100 

mM NaCl (aq) with 100 mM LiCl (aq) reduces the H2 evolution rate to a small extent 

(Figure 4.4b): from 0.369 to 0.221 mL/cm2/day. Second, the addition of 3 mM LiOH (aq) 

reduces H2 evolution rate to a larger extent (Figure 4.4c): from 0.369 to 0.067 

mL/cm2/day. Replacing 100 mM NaCl (aq) with 100 mM LiCl (aq), in combination with 

3 mM LiOH (aq), reduces the rate further: from 0.067 to 0.44 mL/cm2/day. Third, the 

addition of 100 mM Na2CO3 (aq) also reduces the H2 evolution rate to a large extent 

(Figure 4.4d): from 0.369 to 0.035 mL/cm2/day. An additional reduction in rate is 

observed when replacing 100 mM Na2CO3 (aq) with 100 mM Li2CO3 (aq): from 0.035 to 

0.032 mL/cm2/day. 

The linear rate constants extracted from the volumetric H2 evolution 

measurements were converted to corresponding corrosion rate. This was achieved by first 

converting the volume of H2 evolved to moles of H2 evolved using the ideal gas law. 

Then it was assumed that 1 mole of H2 gas was evolved for each mole of Mg that was 

oxidized (100% efficiency) according to: 

( )2 22
( ) 2 ( ) ( ) ( )Mg s H O l Mg OH aq H g+ → +

   (1) 
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Figure 4.4. Volumetric H2 measurements for ZEK100 immersed in the different solutions 

listed in Table 4.1: solution 1: 100 mM NaCl (aq) (baseline); solution 2: 100 mM LiCl 

(aq); solution 3: 100 mM NaCl (aq) + 3 mM LiOH (aq); solution 4:  100 mM LiCl (aq) + 

3 mM LiOH (aq); solution 5: 100 mM NaCl (aq) + 100 mM Na2CO3 (aq); solution 6: 100 

mM NaCl (aq) + 100 mM Li2CO3 (aq). R2 values listed are for the superimposed linear 

rate law in each case. 

The moles of oxidized Mg were converted to a mass of oxidized Mg, which were 

then adjusted by dividing by the nominal composition of Mg in the alloy to determine the 

mass of alloy oxidized. Dividing the mass of alloy oxidized by both the exposed surface 
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area and exposure time yields a corrosion rate (mg/cm2/day). Bar charts comparing the 

corrosion rate of ZEK100 in different solutions are presented in Figures 4.5a (for near-

neutral solutions) and 4.5b (for alkaline solutions) along with the secant corrosion rate 

determined from the mass loss measurement made after the 96 h exposure. The corrosion 

rate data is also listed in Table 4.3. Collectively, the corrosion rate of ZEK100 is lower in 

the alkaline solutions. The H2 evolution rate is consistently lower than the mass loss rate, 

which is an expected based on reported corrosion rate reported for AZ31B immersed in 

NaCl (aq) 55,62. The discrepancy is likely explained by a lower H2 gas collection 

efficiency than the assumed 100% value. Gas bubbles sticking to the corroding surface 

and the glass surfaces used to construct the collection apparatus (inverted funnel and 

upside-down burette) are limitations of this technique 65. A contribution from oxygen 

reduction as an additional cathode reaction is also possible. However, it is considered 

unlikely since a pH of at least 13 is apparently required for such a contribution during 

corrosion of AZ31B in aqueous alkaline solutions 51. Despite the discrepancy, the trend in 

both measurements is the same: corrosion rate decreasing monotonically from solution 1 

(baseline) to solution 6 (baseline with dissolved Li2CO3). 

Table 4.3. Corrosion Rate Data of ZEK100 

No. pH Solution Composition H2 Evolution 
(mL/cm2/day) 

H2 Evolution 
(mg/cm2/day) 

Mass Loss 
(mg/cm2/day) 

1 

2 

Near-Neutral (~7)  

Near-Neutral (~7) 

100 mM NaCl 

100 mM LiCl 

0.369 

0.221 

0.370 ± 0.02 

0.221 ± 0.01 

0.825 ± 0.08 

0.625 ± 0.02 

3 

4 

Alkaline (~11) 

Alkaline (~11) 

100 mM NaCl + 3 mM LiOH 

100 mM LiCl + 3 mM LiOH 

0.067 

0.044 

0.073 ± 0.01 

0.044 ± 0.01 

0.235 ± 0.04 

0.159 ± 0.02 

5 

6 

Alkaline (~11) 

Alkaline (~11) 

100 mM NaCl + 100 mM Na2CO3 

100 mM NaCl + 100 mM Li2CO3 

0.035 

0.032 

0.035 ± 0.08 

0.034 ± 0.01 

0.109 ± 0.01 

0.057 ± 0.01 
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Figure 4.5. Bar char comparing the corrosion rate determined from the single mass loss 

measured after 96 h exposure against the linear rate determined from the volumetric H2 

evolution measurements: (a) near-neutral (pH ~7) solutions and (b) alkaline (pH ~11) 

solutions. 

Photographic images of ZEK100 after 96 h immersion in the different solutions 

listed in Table 4.1 are shown in Figure 4.6. Localized filament-like corrosion is observed 

on the sample immersed in the 100 mM NaCl (aq) baseline solution (Figure 4.6a). 

Replacing 100 mM NaCl (aq) with 100 mM LiCl (aq) does not change the corrosion 

mode as this sample also reveals localized filament-like corrosion. Despite the significant 

reduction in corrosion rate that is observed with the addition of 3 mM LiOH to the 

baseline solution, localized filament-like corrosion is again observed on the surface, albeit 

with mush less surface coverage. The remaining samples immersed in the alkaline 

solutions exhibited no evidence (by the unaided eye) of localized filament-like corrosion. 

There are no defining features on any of these corroded surfaces that be linked to the 

difference in corrosion rate observed, as shown by Figure 4.5b and Table 4.3. 
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Figure 4.6. Photographic images of the ZEK100 surface after 96 h immersion in the 

different solutions listed in Table 4.1: solution 1: 100 mM NaCl (aq) (baseline); solution 

2: 100 mM LiCl (aq); solution 3: 100 mM NaCl (aq) + 3 mM LiOH (aq); solution 4:  100 

mM LiCl (aq) + 3 mM LiOH (aq); solution 5: 100 mM NaCl (aq) + 100 mM Na2CO3 

(aq); solution 6: 100 mM NaCl (aq) + 100 mM Li2CO3 (aq). Superimposed cycles show 

regions were localized filament-like corrosion is present. 

High resolution XPS spectra for C 1s, O 1s and Mg 1s acquired from the intact 

surface film formed on ZEK100 after 2.5 h immersed in 100 mM NaCl (aq) with and 

without dissolved Li2CO3 are shown in Figure 4.7. Li was not detected by the survey scan 

conducted on the as-received surface or on the surface after a gentle sputter cleaning for 

the sample immersed with dissolved Li2CO3. The C 1s spectrum is shown in Figure 4.7a. 

Both surface films exhibit a low binding energy peak around 284 eV. This peak was 

assumed to be associated with adventitious C and, thus the peak value of 284.8 eV 66 was 

used for calibration. The high binding energy peak, with higher intensity, at 289.4 eV 

acquired from the surface film formed with dissolved Li2CO3 is within the range reported 
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for metal carbonates (288-290 eV) 66. Since Li was not detected, the metal carbonate is 

most likely MgCO3. The Mg 1s spectrum is shown in Figure 4.7b. Only one relatively 

broad binding energy peak was acquired from both surface films. Overlapping peaks 

involving MgO/Mg(OH)2 (1304.5 eV) 66 and MgCO3 (1305 eV) 66 likely combine to yield 

the single relatively broad peak observed. The O 1s peak is shown in Figure 4.7c. Again, 

only one relatively broad binding energy peak was acquired from both surface films. 

Overlapping peaks involving metal oxide/hydroxide (529-530 eV) 66 and metal carbonate 

(531.5-532 eV) 66 likely combine to yield the single relatively broad peak observed. 
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Figure 4.7. High resolution C 1s, Mg 1s and O 1s peaks acquired by XPS from the intact 

surface formed after 2.5 h immersion in 100 mM NaCl (aq) with dissolved Li2CO3 (pH 

~11). 

Figure 4.8 shows images of ZEK100 after potentiostatic anodic polarization in 

100 mM NaCl (aq) with 100 mM Na2CO3 (aq) and with 100 mM Li2CO3 (aq). No 

evidence of localized breakdown is found on either surface (Figures 4.8a and 4.8b), even 

under higher magnification using SEM (Figures 4.8c and 4.8d). The anodic film formed 

in both alkaline carbonate inhibiting solutions reveals a similar morphology (Figures 4.8c 

and 4.8d): one consisting of compact platelets. 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

118 

A high-angle annular dark-field (HAADF) image the anodic film formed on 

ZEK100 in 100 mM NaCl (aq) with 100 mM Na2CO3 (aq) is shown in Figure 4.9 along 

with an associated STEM-EELS maps for Mg, Zn and Zr (metal) and Na, C and O 

(solution). The acquired (STEM-EDS) Cl map is presented later together with one 

acquired from the anodic film formed with dissolved Li2CO3 (Figure 4.12). The HAADF 

image shows the anodic film consists of two layers: a thicker porous layer residing on top 

of a thinner compact layer. Both layers consist of Mg, O and C as major film forming 

elements. The porous nature of the outer layer is also reflected on the O map as the dark 

regions. Zn is enriched at the film/metal interface as a reasonably continuous thin layer, 

as well as within particles present within the film and metal. Zr is enriched only within 

particles present within the metal. Na is enriched at extreme surface of the film (C 

deposit/film interface). There is also some enrichment at the film/metal interface. A 

composite Na + Zn map is shown rather than just a standalone Na map to better 

differentiate between the two elements considering the relative position of the respective 

peaks: 1072 eV for Na and 1043 eV for Zn 67. 
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Figure 4.8. Photographic and secondary images of the ZEK100 surface after anodic 

potentiostatic polarization in 100 mM NaCl (aq) with (a) and (c) 100 mM Na2CO3 (aq) 

(pH ~11) and (b) and (d) 100 mM Li2CO3 (aq) (pH ~11). 
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Figure 4.9. HAADF image of the anodic film formed in 100 mM NaCl (aq) with 100 mM 

Na2CO3 (aq) and associated STEM-EELS mapping showing the elemental composition 

of the film/metal interface. 

Figure 4.10 shows a HAADF image the anodic film formed on ZEK100 in 100 

mM NaCl (aq) with 100 mM Li2CO3 (aq) along with an associated STEM-EELS maps for 

Mg, Zn and Zr (metal) and Li, C and O (solution). Again, the HAADF image shows the 

anodic film consists of a thicker porous outer layer residing on a thinner compact inner 

layer. Unlike the case for Na, Li is clearly incorporated in both layers along with Mg, O 

and C. O-containing platelets extend into the C layer deposited on the surface. Li 

incorporation is absent in these platelets. Zn is again enriched at the film/metal interface 

and within particles present in both the film and metal. Zr is only enriched in particles 

present in both the film and metal. 
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Figure 4.10. HAADF image of the anodic film formed on ZEK100 immersed in 100 mM 

NaCl (aq) with 100 mM Li2CO3 (aq) and associated STEM-EELS mapping showing the 

elemental composition of the film/metal interface. 

Bright field images of the anodic film formed in the two alkaline carbonate 

solutions are shown in Figure 4.11 along with an acquired SAED pattern from the region 

of interest (dense inner layer) identified on each bright field image. A ring pattern in both 

cases implies that the dense inner layer is polycrystalline and comprised of ultrafine 

grains. The acquired pattern was compared against reference patterns calculated using the 

PDF-4+-2021 software 68 for possible compounds including MgO (periclase), Mg(OH)2 

(brucite), MgCO3 (magnesite), MgCO3∙3H2O (nesquehonite) and 

3MgCO3∙Mg(OH)2∙3H2O (hydromagnesite). Of these expected compounds, MgO 

provides the best match, as shown by the agreement between the superimposed reference 

pattern and the acquired pattern. 
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Figure 4.11. Bright field images and associated SAED patterns acquired from the dense 

inner film formed on ZEK100 immersed in 100 mM NaCl (aq) with (a) 100 mM Na2CO3 

(aq) and (b) 100 mM Li2CO3 (aq).   

The STEM-EDS Cl maps acquired from both anodic films are shown in Figure 

4.12. Although Cl is incorporated into both anodic films, the distribution is significantly 

different. The distribution is non-uniform in the anodic film formed with dissolved 

Na2CO3 (aq). There is significant enrichment at the film/metal interface. In contrast, the 

distribution is significantly more uniform in the anodic film formed with dissolved 

Li2CO3 (aq). The uniform distribution is present in both the layers (thicker, porous outer 

layer and thinner, dense inner layer). 

a b



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

123 

A simple experiment consisting of a cathodic polarization scan (1 mV/s) initiated 

from the open-circuit potential (after 10 minutes conditioning) before and after a 

potentiostatic anodic polarization step (150 mV more positive than OCP for 30 minutes) 

was conducted to test the theory about the suppression of cathode activation. Such a 

sequence readily shows the extent of cathode activation by a significant increase in the 

cathode kinetics after polarization.23 Figure 4.13 shows the results for ZEK100 immersed 

in baseline near-neutral solution 1 and the two alkaline carbonate solutions 5 and 6. 

Cathode activation is clearly observed in the baseline solution 1, but is clearly suppressed 

in the two alkaline carbonate solutions 5 and 6. A more systematic approach to quantify 

the extent of cathodic activation would be applying an equivalent anodic charge pulse 

rather than the same overpotential, complete with a detailed characterization of the 

structure and composition of the surface film formed after each pulse. 
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Figure 4.12. HAADF image of the anodic film formed on ZEK100 immersed in 100 mM 

NaCl (aq) with 100 mM Na2CO3 (aq) and with 100 mM Li2CO3 (aq) and associated 

STEM-EDS mapping showing the Cl distribution with each film. 
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Figure 4.13. Cathodic polarization scans (1 mV/s) initiated from the open-circuit 

potential (after 10 minutes conditioning) before and after a potentiostatic anodic 

polarization step (150 mV more positive than OCP for 30 minutes) for ZEK100 

immersed in (a) solution 1: 100 mM NaCl (aq) (baseline), (b) solution 5: 100 mM NaCl 

(aq) with 100 mM Na2CO3 (aq), and (c) solution 6: 100 mM NaCl (aq) with 100 mM 

Li2CO3 (aq). 

 

 

a

b c
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 Discussion 

The addition of 100 mM Li2CO3 (aq) to 100 mM NaCl (aq) serves as an effective 

corrosion inhibitor for ZEK100. The addition reduced the corrosion rate (mg/cm2/day) 

from 0.82 ± 0.08 mg/cm2/day (mass loss) and 0.37 ± 0.03 (H2 evolution) in absence of 

dissolved Li2CO3 to 0.06 ± 0.01 (mass loss) and 0.03 ± 0.01 (H2 evolution) with dissolved 

Li2CO3: a reduction by a factor of 14 and 12 for the rate determined by mass loss and H2 

evolution respectively. The chemistry of dissolved Li2CO3 can be summarized as follows, 

with the equilibrium solubility product (ksp) and base (kb) constants quoted for 298 K 69: 

𝐿𝑖2𝐶𝑂3(𝑠) → 2𝐿𝑖+(𝑎𝑞) + 𝐶𝑂3
−2(𝑎𝑞) 𝑘𝑠𝑝 = 8.15 × 10−4   (2) 

2 4

3 2 3( ) ( ) ( ) 2 10bCO aq H O HCO aq OH aq k− − − −+ → + = 
   (3) 

As indicated by the data tabulated in Table 4.3, inhibition involves the 

combinatory effect of dissolved Li+ (aq), OH− (aq) and CO3
2−/HCO3

− (aq). Removal of 

either the dissolved Li+ (aq) or CO3
2−/HCO3

− (aq) increases the corrosion rate of ZEK100 

relative to the dissolved Li2CO3 case, with the removal of CO3
2−/HCO3

− (aq) showing the 

greater increase. 

Although effective at reducing the corrosion rate, dissolved Li2CO3 does not alter 

the kinetics rate law exhibited by ZEK100 during corrosion in 100 mM NaCl (aq). 

Recently, in-situ Raman spectroscopy (RMS) and associated kinetic Raman mapping 

(KRM) has revealed that Mg corrosion in alkaline NaCl (aq) (pH 9-11) follows a linear 

rate late and involves the formation of non-passivating Mg(OH)2 surface film via initial 

dissolution of Mg and subsequent precipitation of Mg(OH)2, with the latter process being 
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rate-controlling 52. Corrosion of ZEK100 in the alkaline carbonate solutions involves 

three major processes: (i) anodic dissolution (anode) at the film/metal interface, (ii) H2 

evolution (cathode), presumably at the film/solution interface in the absence of localized 

corrosion initiation and (iii) film formation. Thus, one of these three processes is rate-

controlling (linear rate kinetics). 

Global anodic polarization, where the global cathode is moved off the dissolving 

ZEK100 surface to the counter electrode, shows a significantly more polarizable anodic 

dissolution reaction in the alkaline carbonate solutions relative to the near-neutral 

baseline solution. This increased polarizability is consistent mixed type of control: one 

involving both activation and concentration polarization contributions. Diffusion of Mg2+ 

through the thinner dense inner layer is the likely responsible for the concentration 

polarization contribution. As such, the anodic dissolution is likely not rate-controlling. 

XPS surface analysis indicates that the surface film formed on ZEK100 during corrosion 

(open-circuit) the alkaline carbonate solutions is comprised of MgO/Mg(OH)2 and 

MgCO3, with the latter being formed predominantly as a thin outermost layer (depth 

profiles not shown here). Under anodic polarization, TEM-SAED analysis indicates that 

the surface film formed on ZEK100 during enhanced anodic dissolution is comprised of 

MgO, with significant Li incorporation when formed in dissolved Li2CO3. When formed 

on Mg-Li-(Al-Y-Zr) alloy during corrosion in NaCl (aq), such a film has been described 

as being Li-doped MgO 58. A dense MgO inner layer, when formed in alkaline solutions 

relative to near-neutral solution, can be explained by slower MgO hydration kinetics in 
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alkaline solutions 70,71. Hydration is the first step in the overall transformation to 

Mg(OH)2 through a dissolution-precipitation process 72 : 

2

2 2( ) 2 ( ) ( ) ( )MgO H O MgO HOH Mg aq OH aq Mg OH s+ −+ → → +
 (4) 

Slower hydration kinetics serves to reduce the likelihood for stress-rupture of the 

intact MgO induced by the increased molar volume of Mg(OH)2 transformation product 

73,74. It is unclear at this time how Li incorporated into MgO further inhibits the anode 

kinetics relative to the dense MgO film that forms in dissolved Na2CO3. 

The possible formation Mg carbonates as the dense inner layer was considered on 

the basis that precipitation from salt lake brines via additions of dissolved Na2CO3 (aq) is 

candidate process to selectively remove Mg prior to Li extraction 75-77. The precipitation 

chemistry can be summarized as follows: 

2 2

3 2 3 2( ) ( ) 3 3 ( )Mg aq CO aq H O MgCO H O s+ −+ + →
    (5) 

( )2 2

3 2 3 22
5 ( ) 4 ( ) 2 ( ) 3 3 3 ( )Mg aq CO aq OH aq H O MgCO Mg OH H O s+ − −+ + + →

 (6) 

Without an excess of CO3
2− (aq), MgCO3∙3H2O (nesquehonite) tends to from 

(Equation 5), whereas MgCO3∙Mg(OH)2∙3H2O (hydromagnesite) tends to form with an 

excess CO3
2− (aq) (Equation 6). Formation of hydromagnesite as the principle corrosion 

product, in place of MgO/Mg(OH)2, during atmospheric corrosion has been reported for 

Mg alloys 78-80. However, the TEM-SAED analysis ruled out any such formation. 

The platelet morphology of the outer layer is expected of a precipitation reaction 

81. Precipitate morphology is strongly dependent on the supersaturation index, which is 

the ratio of the solute concentration in excess relative to the solute concertation at 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

129 

equilibrium. A relatively high supersaturation favors crystal growth and the formation of 

a less compact precipitate, whereas a relatively low supersaturation favors crystal 

nucleation and the formation of a more compact precipitate 82. Thus, the bi-layer structure 

of the anodic film formed in the dissolved carbonate solution can be rationalized in the 

following way. Anodic polarization causes the rapid accumulation of Mg2+ (aq) at the 

dissolving interface, in addition to MgO film formation at the metal/film interface 83, 

creating supersaturated solution at the film/solution interface. Precipitation of the 

presumably Mg(OH)2 outer layer begins once a critical value is achieved. Since both 

MgO and Mg(OH)2 film formation processes occur during anodic dissolution, neither is 

expected to be rate-controlling given the overall mixed control exhibited by the anode 

polarization kinetics. 

Global cathodic polarization, where the global anode is moved off the ZEK100 

surface to the counter electrode, shows only a reduction in current density, not 

polarizability, in the alkaline carbonate solutions relative to the near-neutral baseline 

solution. Here, activation polarization is the dominant contribution to the cathode 

kinetics, which, if rate-controlling, can account for the linear corrosion kinetics. The 

expected shift in the equilibrium half-cell potential of the H2 evolution reaction to lower 

values in the alkaline solution is the simplest explanation for the inhibited cathode 

kinetics observed in the alkaline solutions. However this does not explain the additional 

inhibition exhibited with Li+ (aq) present. Inspection of the global cathode kinetics 

compared in Figure 4.3, Li+ (aq) has no effect on the cathode kinetics (H2 evolution) in 

near-neutral solutions, but decreased cathode kinetics are observed in alkaline solutions 
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with Li+ (aq) present. Recently, it has been shown the dissolved Li+ (aq) can alter the H2 

evolution kinetics on metal electrodes immersed in aqueous electrolytes, either increasing 

or decreasing depending on the metal 84,85. DFT calculations indicates that Li+ moderates 

the Gibbs free energy of H adsorption. For those metals that show decreased HER 

kinetics, Li+ moves the Gibbs free energy for H adsorption away from a favorable 

thermo-neutral energy value, thereby weakening H adsorption.85 Therefore, a similar 

moving away from the favaorable thermo-neutral energy value is suspected in this case. 

DFT studies have also revealed that the Volmer-Heyrovsky is the dominant pathway for 

the HER, albeit for the bare (unfilmed) Mg surface 86.87.  Therefore, the Heyrovsky step is 

the one that is most likely affected.  In addition to a reduction in the both the global anode 

and cathode kinetics, alkaline carbonate solutions also suppress localized filament-like 

corrosion and associated anode/cathode activation. Initiation requires the localized 

breakdown of the surface film that forms initially during corrosion as a precursor event 17-

19. As Table 4.3 shows, breakdown of the intact film occurs in the alkaline carbonate 

solutions (albeit delayed, more so with dissolved Li2CO3), but the transition to filament-

like corrosion is not observed (Figure 4.6). The slow hydration-induced transformation of 

MgO to Mg(OH)2 when formed at a local dissolving anode site could be responsible for 

the transition suppression observed. Mg(OH)2 has been shown to catalyze H2 evolution 

on Mg, more so when freshly formed 18,88. Density functional theory (DFT) simulations 

indicate that Mg(OH)2 is an effective water splitter that can enhance the efficiency of 

water splitting (H2 evolution cathode reaction) relative to the bare Mg metal surface 89. 

The formation of MgCO3, in place of Mg(OH)2 at dissolving anode sites on Mg exposed 
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in 0.1 M NaHCO3 (pH ~8.4) has been argued as the likely cause for the absence of 

cathodic activation as observed on the anodically-dissolved surface during subsequent 

cathodic potentiodynamic polarization 90. However the TEM-SAED analysis of the 

surface films formed during anodic polarization in alkaline carbonate solutions does not 

support that claim. Finally, the incorporation of Cl− (aq) into surface film is a precursor 

event for film breakdown 91,92. It follows then that the ability for Li, when incorporated 

into the surface film formed during anodic dissolution, may also be contributing to the 

improved corrosion control by not allowing Cl− (aq) to enrich at the film/metal interface. 

 Conclusions 

1. Dissolved Li2CO3 (aq) significantly inhibits corrosion of ZEK100 in 100 mM NaCl 

(aq) at ambient temperature. The addition of 100 mM (just below saturation) reduces 

corrosion by a factor of ~12. Inhibition involves the combinatory effect of dissolved 

Li+ (aq), OH− (aq) and CO3
2−/HCO3

− (aq). Removal of either the dissolved Li+ or 

CO3
2−/HCO3

− increases the corrosion rate of ZEK100 relative to the dissolved Li2CO3 

case, with the removal of CO3
2−/HCO3

− showing the greater increase.  

2. Inhibition does not alter the rate law. Linear kinetics is observed in all solutions 

considered. Of the major process involved in corrosion, the cathode seems to be rate-

controlling. Critical factors are argued to be the lower equilibrium half-cell potential 

combined with the incorporation of Li into the surface film, which serves to de-

catalyze H2 evolution on the filmed surface.  

3. Inhibition also involves the suppression of the localized filament-like corrosion and 

associated anode/cathode activation. The slow hydration-induced transformation of 
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MgO to Mg(OH)2 at a local dissolving anode site combined with the ability of Li to de-

catalyze local H2 evolution on the film surface at a dissolving anode site may be 

responsible for the suppression.  
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 Supporting information 

 
 

Figure 4.14. SEM image for ZEK100 in 0.1 M NaCl (aq) after 2.5 h immersion time, (a) 0 mM 

and (b) 100 mM (pH 11.1) Li2CO3 (aq). 

 

 
 

 

 

 Figure 4.15. Photographic and cross-sectional SEM images For ZEK100 of hydrogen evolution 

and mass loss measurements for 4 days in 0.1 M NaCl (aq) (a) 0 mM and (b) 100 mM (pH 11.1) 

Li2CO3 (aq).  
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Figure 4.16. Time resolved SVET maps collected of ZEK100 during immersion in 0.1 M 

NaCl (aq) at ambient temperature after 12 h immersion. 

 

Figure 4.17. Time resolved SVET maps collected of ZEK100 during immersion in 0.1 M 

NaCl (aq) with dissolved 100 mM Li2CO3 (pH 11.1) at ambient temperature after 24 h 

immersion. 
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Figure 4.18. Time resolved SVET maps collected of ZEK100 during immersion in 0.1 M 

NaCl (aq) with dissolved 3 mM LiOH (pH 11.1) at ambient temperature after 24 h. 
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 Abstract 

The objective of this work was to determine the improved corrosion control imparted to 

Mg alloy ZEK100 sheet metal by a chemically (spray) deposited Li2CO3 surface pre-

treatment. A commercial hexafluoro-titanate/zirconate-polymer conversion coating 

(Bonderite® MNT 5200) along with the bare metal surface served as the comparative 

basis. Coatings were characterization for structure and composition using X-ray 

diffraction and electron microscopy techniques. Corrosion in 0.1 M NaCl (aq) was 

assessed using conventional electrochemical polarization and electrochemical impedance 

spectroscopy measurements. The Li2CO3-coated surface exhibits the lowest relative 

corrosion, whereas the conversion-coated surface exhibits the highest relative corrosion. 

Improved corrosion control is attributed to the formation of a less defective (more 

compact) coating (physical contribution) and the ability of dissolved Li2CO3 to inhibit 

both the anode and cathode kinetics (electrochemical) contribution. 

 

Keywords: magnesium, corrosion, coating, surface analysis  
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 Introduction 

Structural Mg alloys continue to garner interest within the transportation industry 

as candidate materials to improve fuel efficiency through lightweight design [1,2]. 

However, corrosion is a substantial technical challenge that is hindering widespread 

utilization [3-5]. Corrosion of Mg in aqueous chloride-containing solutions involves the 

conversion of Mg to Mg(OH)2 according to the overall reaction: Mg + 2H2O → Mg(OH)2 

+ H2. Elementary steps include: (i) anodic dissolution of Mg to Mg2+, (ii) cathodic 

reduction of H2O to H2, and (iii) precipitation of Mg(OH)2 from a supersaturated alkaline 

solution at cathode sites. The tendency for the native oxide/hydroxide surface film to 

breakdown locally and for the solid oxide/hydroxide corrosion product, secondary 

intermetallic phases or the dissolving surface itself to serve as an active cathode (cathodic 

activation) has inspired various alloying, processing and surface modification strategies 

for improved corrosion control, which has been reviewed elsewhere [6-8]. A protective 

coating scheme comprised of a pre-treated surface layer and a polymer sealant overcoat is 

currently considered a minimum requirement for corrosion control of Mg alloys, 

particularly so for automotive applications [4,9,10]. 

A pre-treated surface layer provides both a degree of physical barrier protection 

against corrosion and a favorable surface for the polymer-based sealant overcoat to 

adhere to. A myriad of surface pre-treatments have been developed as part of protective 

coatings for Mg alloys, which, for example, include those reviewed for 

chemical/electrochemical deposition [9,11,12], anodizing [13], plasma electrolytic 

deposition [14] and sol-gel [15] processes. The ability to provide corrosion inhibition 
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through surface film formation, when dissolved at local defects sites in the protective 

coating, is a desirable feature of inorganic pre-treatments [16-19]. Li2CO3 is a promising 

candidate in this context considering the beneficial effect of Li, as an alloying element, 

has on inhibiting the anodic kinetics of Mg [20] and of dissolved carbonate 

(CO3
2−/HCO3−/OH−) on inhibiting both the anode and cathode kinetics of Mg [21-23]. 

Li2CO3 has been added as a leachable inhibitor additive in a protective coating applied to 

Al alloys for improved corrosion control [24-26]. Dissolved Li ions promote the fast 

formation of a protective multi-layered Al-Li-O surface film [26]. Corrosion inhibition of 

Mg alloy AZ31B-H24 (3% Al, 1% Zn, 0.5% Mn, balance Mg) [27] and ZEK100 (1.3% 

Zn, 0.2% Nd, 0.25% Zr, balance Mg) [28] in 0.1 M NaCl (aq) in the presence of 

dissolved Li2CO3 (aq) has been investigated with promising results. Inhibition involves 

the formation of by-layered Mg-Li-O-C surface film at dissolving anode site, which is 

argued to increase the concentration polarization contribution to anodic dissolution and 

suppress localized filament-like corrosion formation and associated cathodic activation.  

The objective of this work was to demonstrate the improved corrosion control 

imparted to Mg alloy ZEK100 sheet metal by a chemically (spray) deposited Li2CO3 

coating. The bare metal surface along with a surface coated with a commercial 

hexafluoro-titanate/zirconate-polymer conversion coating (Bonderite® MNT 5200) 

served as the baseline for comparison. This commercial conversion was included based 

on relevant prior work [29,30] and industry interest [10,12,31]. X-ray diffraction (XRD) 

was used to confirm Li2CO3 formation. The structure and composition of the as-coated 

surfaces were characterized using scanning electron microscopy (SEM) and transmission 
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electron microscopy (TEM) of focused-ion beam (FIB) milled cross-sections. Short-term 

corrosion was assessed in 0.1 M NaCl (aq) at ambient temperature using electrochemical 

polarization and electrochemical impedance spectroscopy (EIS) measurements. 

 Materials and Methods  

Commercial 1.5 mm thick ZEK100 sheet metal product in the fully annealed O 

temper was provided by Luxfer MEL Technologies (formerly Magnesium Elecktron) 

through Magna International. The chemical composition is 1.4% Zn + 0.2% Nd + 0.28% 

Zr + balance Mg, as was determined by inductively coupled plasma - optical emission 

spectroscopy (ICP-OES). The microstructure includes the single α-Mg matrix phase with 

a distribution of near-globular second phase ternary Mg-Zn-Nd and Zr-rich particles on 

the micro-scale [32-34]. 

The process used to spay-deposit a Li2CO3 coating on ZEK100 is schematically 

shown in Figure 5.1. As this was proof-of-concept type of study, small samples 2.5 cm × 

2.5 cm were used for testing purposes. The working surface (RD (rolling direction) - TD 

(transverse direction) plane) was mechanically abraded to a 1200 grit surface finish using 

SiC abrasive papers and ethylene glycol as a lubricant. Subsequent cleaning of the 

working surface involved the usual steps specified for Mg: (i) ultrasonic degreasing, (ii) 

alkaline cleaning, and (iii) acid etching [9]. The working surface was degreased by 

immersing in an ultrasonic bath containing isopropyl alcohol at 55 ℃ for 10 minutes and 

then cleaned by immersing in an alkaline 1 M NaOH (aq) + 0.1 M Na2CO3 (aq) solution 

at 55 ℃ for 10 minutes. Thereafter, the working surface was pickled by dipped into a 0.1 

M H2SO4 (aq) for approximately 1 second. A rinse with distilled water followed by 
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drying in a stream of flowing air was performed after each of the aforementioned steps. 

Once cleaned, a small volume (100 mL) of 0.1 M Li2CO3 (aq) was spray-deposited on to 

the working surface, which was sufficient to cover the entire surface when flat, and then 

dried at 35 ℃ for 15-30 minutes. All solutions listed above were prepared using reagent 

grade chemicals and distilled water. X-ray diffraction (XRD) was used to confirm the 

Li2CO3 composition of the deposited coating. A. Bruker D8 Advanced X-ray 

diffractometer with a Cu-Kα radiation source was used for this purpose. A set of ZEK100 

panels (10 cm × 15 cm) were sent to ACT Test Panels LLC (Hillsdale, LI) for application 

of the commercial hexafluoro-titanate/zirconate-polymer conversion coating. The process 

included degreasing, alkaline cleaning, acid activation, and coating. Small test samples 

2.5 cm × 2.5 cm were prepared from the as-coated panels. 

 

 

 
 

Figure 5.1. Schematic diagram for coating the ZEK100 surface with a spray-deposited 

Li2CO3 surface pre-treatment coating. 

The structure and composition of both coatings (Li2CO3 and hexafluoro-titanate/ 

zirconate-polymer) was determined electron microscopy techniques. SEM was used for 
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plan-view imaging (structure), whereas TEM and associated scanning mode techniques 

(X-ray energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy 

(EELS)) was used for cross-sectional imaging (structure) and composition (element) 

characterization. A Zeiss NVision40 FIB-SEM with a used for the SEM examination and 

a Thermo Scientific Talos 200X equipped with a Gatan ContinuumS GIF EELS 

spectrometer and a Super-X EDS system was used for the TEM examination. Plan view 

secondary electron images of the coated surfaces were acquired using an accelerating 

voltage of 5 kV and a working distance of 5.2 mm (Li2CO3-coated surface) and 5.1 mm 

(conversion-coated surface). Electron transparent cross-sectional foils of the coated 

surfaces were prepared by the FIB milling and in-situ lift-out method using the Zeiss 

NVision40 FIB-SEM. Regions of interest were protected against the so-called curtaining 

effect by depositing a W layer on the site. Cross-sectional foils were examined 95 K 

(cryogenically mode) to minimize possible electron beam damage. The TEM examination 

was conducted using an accelerating voltage of 200 kV. The EELS data was processed 

using Gatan Digital Micrograph 3.4 and the EDS data was processed using FEI Velox 

3.1. 

All electrochemical measurements were made using a conventional three 

electrode cell and a computer-controlled potentiostat (Gamry Reference 600™). The 

electrolyte was naturally aerated 0.1 M NaCl (aq) held at ambient temperature, which was 

made fresh for each measurement using reagent grade NaCl (s) and distilled water. A 

graphite rod was used as the counter electrode and a saturated calomel electrode was used 

as the reference electrode. Working electrodes were bare ZEK100, Li2CO3-coated 
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ZEK100 or conversion-coated ZEK100. The bare surface was mechanically abraded to a 

1200 grit surface finish using SiC abrasive papers and ethylene glycol as a lubricant prior 

to measurement. Potentiodynamic polarization measurements were made using a scan 

rate of 1 mV/s and were initiated after a 10 minute condition of the working electrode at 

the open-circuit potential (OCP). Polarization was started at a potential 250 mV more 

negative than the OCP recorded after 10 minutes and stopped at a potential 250 mV more 

positive than the OCP recorded after 10 minutes. EIS measurements were made over a 

frequency range from 0.01 Hz to 100 kHz using an AC voltage signal of ±10 mV. 

Measurements were made after the working electrodes were condition at the OCP for 10 

minutes. The short time was necessary to minimize dissolution of the coatings applied. A 

set of at least three replicate measurements were carried out using to provide a measure of 

reproducibility. 

 Results  

Figure 5.2a and 5.2b show photographic images of as-polished and Li2CO3-coated 

ZEK100 surface. The coating is compact, uniform and adherent when viewed with the 

unaided eye. The corresponding XRD spectrum acquired from the Li2CO3-cotaed surface 

is shown in Figure 5.2c. Also included for comparatives purposes are the spectra acquired 

from: (i) reagent grade Li2CO3 powder, (ii) JCPDF Li2CO3 powder reference and (iii) 

mechanically-abraded bare ZEK100 surface. The peaks acquired from the Li2CO3-coated 

surface exactly match those acquired from the reagent grade powder and the JCPDS 

Li2CO3 powder reference. Therefore, the spray deposition method was successful in 

depositing a crystalline Li2CO3 coating on the surface of ZEK100. As for the bare 
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ZEK100 surface, all major 2θ peaks observed (~32° (101̅0), ~35° (0002), ~37° (101̅1), 

~48° (101̅2), ~58° (21̅1̅0) and 64° (101̅3),) correspond to hexagonal close packed Mg 

metal [35]. 

 

Figure 5.2. (a) and (b) Photographic images of as-polished ZEK100 and as-prepared 

Li2CO3-coated surface. (c) XRD spectra acquired from the Li2CO3- coated surface, bare 

surface and the reagent grade Li2CO3 powder. Also included is the JCPDS Li2CO3 

powder reference for comparison. 

Figure 5.3a and 5.3b show secondary electron images of the Li2CO3-coated 

surface. The coating is compact, uniform and adherent when viewed at these 

magnifications. The morphology consists of plate-like crystals that have grown in random 

directions. No major defects such as cracks and pores are observed at these 

magnifications. Secondary electron images of the conversion-coated surface are shown in 
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Figure 5.3c and 5.3d. The dark rectangular feature in the center region of Figure 5.3d is 

the protective W layer applied prior to FIB milling. The conversion coating also is 

compact, uniform and adherent when viewed at similar magnifications. However, the 

micro-crack indications are observed on the surface. Similar features have been reported 

elsewhere for this conversion coating when imaged using SEM [36]. 

 

Figure 5.3. Plan view secondary electron images of the Li2CO3-coated surface (a and b) 

and the conversion-coated surface (c and d). 

 

A high-angle annular dark-field (HAADF) image of the FIB-prepared Li2CO3-

coated surface cross-section is shown in Figure 5.4 along with an associated STEM-EELS 

maps for Mg, Zn and Nd (metal) and C, Li and O (coating). The image shows the coating 
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is compact and adherent to the metal substrate. The thickness ranges from 1.7 μm to 3.3 

μm across the width of this cross-sectional sample. Defects including cracks and voids are 

not observed in the cross-section. Major surface layer forming elements include Li, C and 

O, as expected. None of the alloying elements are detected in the layer. However, there is 

a thin layer Mg-O-containing layer that separates the Li2CO3 coating from the metal. A 

relatively large Nd-containing particle resides at the metal surface. This particle does not 

impact the adhesion of the Li2CO3 coating in any meaningful way as it too is covered by 

the Mg-O containing intermediate layer. 

Figure 5.5 shows a high-angle annular dark-field (HAADF) image of the FIB-

prepared conversion-coated surface cross-section along with an associated STEM-EDS 

maps for Mg and Zn (metal) and F, O, C, Ti and Zr (coating). The conversion coating is 

significantly thinner than the Li2CO3 coating, but it is significantly more defective. The 

thickness ranges from 180 nm to 200 nm across the width of this cross-sectional sample. 

A relatively large pore exists within the coating itself and a second, smaller one, exist at 

the surface. Based on the STEM-EDS maps, the conversion coating consists of a dense 

layer containing F, N, O and Ti to a greater extent and Mg, Zr and Zn to a lesser extent. 

Zn is enriched at the metal/coating interface. Similar features have been reported 

elsewhere for this conversion coating when imaged using STEM-EDS [36]. 
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Figure 5.4. Cross-section HAADF image of the Li2CO3-coated surface and associated 

STEM-EELS elemental maps of the coating/metal interface. 

 

 

 

Figure 5.5. Cross-section HAADF image of the conversion-coated surface and associated 

STEM-EDS elemental maps of the coating/metal interface. 
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Figure 5.6a compares the OCP transients for 10 minute condition prior to 

initiating the potentiodynamic polarization measurements on the bare, Li2CO3-coated and 

conversion-coated ZEK100 surfaces immersed in 0.1 M NaCl (aq). The bare surface 

exhibits the expected transient: one consisting of an initial relatively rapid increase to a 

local maximum, which coincides with the localized breakdown of the native surface film 

[37,38], followed by a relatively slower decrease to a local minimum and then a relatively 

slow increase towards a steady-state value. The Li2CO3-coated surface exhibited a simple 

transient, one consisting of an initial decrease to a local minimum, followed by a small 

and gradual increase towards a steady-state value. The conversion-coated surface 

exhibited an even simpler transient: one consisting of a slow decayed towards a steady-

state value. The OCP transient for the conversion-coated surface is the most noble of the 

three, whereas the transient for the Li2CO3-coated surface was the least noble. 

The potentiodynamic polarization responses of the three surfaces immersed in 0.1 

M NaCl (aq) are shown in Figure 5.6b. The Li2CO3 coating inhibits both the global anode 

and cathode kinetics relative to the bare surface. The global anode kinetic is inhibited to a 

greater extent than the global cathode kinetics. Note the polarization response for the 

conversion-coated surface consists of a separate measurement for the anode and cathode 

kinetics, with polarization starting from the OCP recorded after 10 minutes immersion. 

This was necessary to acquire reproducible responses. The conversion coating does not 

inhibit the global anode kinetics to any extent relative to the bare surface, but 

significantly increases the cathode kinetics relative to the bare surface. 
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Figure 5.6. a) OCP transients and b) potentiodynamic polarization responses for the 

Li2CO3-coated, conversion-coated and bare surfaces immersed in 0.1 M NaCl (aq) at 

ambient temperature. 

Figure 5.7a and 5.7b show Nyquist plots comparing the EIS responses recorded 

for the surfaces immersed in 0.1 M NaCl (aq). The conversion-coated surface is plotted 

separately because of the low impedance values recorded relative to the bare and Li2CO3-

coated surfaces. The bare and the Li2CO3-coated surface show similar features (Figure 

5.7a): a large capacitance loop at high frequencies and a small capacitance at low 

frequencies. Both spectra show the beginnings of an apparent inductive loop at the lowest 

frequencies considered. However, inspection of the Bode plots does not provide evidence 

that supports an inductive response with either corroding surface. The latter requires a 

positive phase angle at low frequencies and an impedance modulus that decreases with 

decreasing frequency: neither of which is observed for in the Bode plot comparing these 

two surfaces (Figure 5.7e). In contrast, the conversion-coated surface shows a single 

capacitance loop and a single inductance loop (Figure 5.7b), the latter being reflective by 

both a positive phase angle at low frequencies and an impedance modulus that decreases 
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with decreasing frequency in the Bode plot (Fig. 5.7e). Qualitatively speaking, the EIS 

data shows that the order of the increasing corrosion control is conversion-coated surface 

< bare surface < Li2CO3-coated surface. 

 

Figure 5.7. EIS spectra for the Li2CO3-coated, conversion-coated and bare surfaces 

immersed in 0.1 M NaCl (aq): Nyquist plots (a and b), phase angle plots (c and d) and 

Bode plot (d).  

 Discussion 

The results presented certainly demonstrate that a Li2CO3 coating reduces 

corrosion of ZEK100 immersed in 0.1 M NaCl (aq) relative to the bare surface. Consider 

the starting physical features of the Li2CO3 coating revealed by the TEM examination in 

Figure 5.4 (dense, uniform and lacking pores and cracks), improved corrosion control 

likely involves a physical barrier contribution [9,11]. However, the aqueous chemistry of 

Li2CO3 also provides an electrochemical inhibition contribution [27,28]. Li2CO3 dissolves 
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in water in the following manner (equilibrium solubility product (ksp) and base (kb) 

constants quoted for 298 K [39]): 

2 4

2 3 3( ) 2 ( ) ( ) 8.15 10spLi CO s Li aq CO aq k+ − −→ + = 
  (1) 

2 4

3 2 3( ) ( ) ( ) 2 10bCO aq H O HCO aq OH aq k− − − −+ → + = 
  (2) 

It is this chemical reactivity that forced the electrochemical measurements to be 

made after relatively short immersion time. Longer times would certainly lead the 

completely dissolution of the Li2CO3 coating given the volume to surface ratio used in 

this work. It is also this chemical reactivity that Li2CO3 has been selected as a candidate 

inorganic compound corrosion inhibitor for Mg alloys. As the potentiodynamic 

polarization measurements show, both the anode and cathode kinetics are inhibited, 

which the anode kinetics being inhibited to a greater extent. Inhibition of the anode 

kinetics is believed to involve the formation of a thin, compact and uniform Li-doped 

MgO film on the dissolving metal surface, which serves increase the concentration 

polarization contribution (slower Mg2+ transfer from the dissolving surface to the 

solution) to the global kinetics [28]. Inhibition of the cathode kinetics (H2 evolution) is 

believed to involve a modified H bond energy in the presence of Li+ (aq) at the cathode 

site [28]. Dissolved Li+ (aq) has been shown to alter the H2 evolution kinetics on metal 

electrodes immersed in aqueous electrolytes, either increasing or decreasing depending on 

the metal, by modifying the H bond energy [40,41]. Another key aspect of corrosion 

inhibition involves the suppression of the localized filament-like corrosion and associated 
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cathodic activation that the bare surface would exhibit otherwise when immersed in NaCl 

(aq) [28,38,42]. 

The conversion-coated surface does not inhibit the global anodic dissolution 

kinetics of ZEK100 to any extent, relative to the bare surface (Figure 5.6b). This is not 

surprising given the starting physical features of the coating revealed by the TEM 

examination (thin and compact, but defective with relative large pores). Although the 

cross-section did not reveal a continuous path from the coating surface to the metal 

interface, the surface and internal pore observed suggests that continuous networks, 

existing elsewhere on the surface, can be expected. The non-protecting capability of this 

particular conversion coating also been observed when applied to Mg alloy AZ31B 

immersed in NaCl (aq) [43]. The non-protecting capability was also linked to the same 

physical features (a thin and compact, albeit porous coating). It is noted that this coating 

is not intended to be a standalone coating to protect Mg alloys against corrosion. It has 

the interest of the automotive industry since it is a favorable surface on which an epoxy 

over-coat can be applied by cathodic electrophoretic deposition (E-coat) as part of a 

protective coating scheme applied to Mg alloys [43,44,45]. A chemical contribution to 

corrosion control is not expected either. A possible leachable component of the 

conversion layer to contribute to corrosion control would be F− (aq) anions, through 

subsequent film formation by MgF2 (ksp = 5.16 ×10−11 at 25 °C [39]). However, no 

significant level of corrosion inhibition of Mg [16] or AZ31B [17] is observed in NaCl 

(aq) with relative small additions (10 mM) F− (aq). 
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Although the physical features of the respective coating can alone explain the 

observed effect on the global anode dissolution kinetics relative to the bare surface, they 

do not seem wholly explain the EIS measurements (Figure 5.7). An inductive response 

was only observed by the conversion-coated surface (Figure 5.7b). A similar inductive 

loop was observed in the EIS measurements published for conversion-coated AZ31B 

immersed in NaCl (aq) [43]. The inductive loop associated with Mg corrosion has been 

given some recent consideration [46-49]. Coupling EIS measurements with online 

inductively coupled plasma - atomic emission spectroscopy elegantly showed that the 

inductance is associated with increased (cathodically-activated) anodic dissolution to 

Mg2+ (aq) [48]. The 10 minute conditioning of the bare surface at the OCP in 0.1 M NaCl 

(aq) (prior to the EIS measurement, Figure 5.6a) was not long enough to permit the 

initiation of the filament-like corrosion mode and the concomitant activated anodic 

dissolution coupled with enhanced H2 evolution [28,38]. Therefore, there would be no 

inductive contribution to the impedance measured. For the conversion-coated surface to 

provide an inductive contribution, then the coating itself in some way needs to activate 

Mg dissolution at a coating-metal-solution interface. One such possibility involves the 

formation of a galvanic cell between some local active cathode that couple with the bare 

metal anode, thus activating anodic dissolution in a manner akin to DC polarization-

induced activation [50]. The enhanced cathode kinetics observed on the conversion-

coated surface supports this hypothesis. A possible local cathode could be the Zn-

enriched layer at the metal/coating interface. The formation of a thin, presumably 

metallic, Zn-enriched layer at the metal/oxide-hydroxide during anodic dissolution of Zn-
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containing Mg alloys is typically revealed by cross-sectional TEM examination of the 

metal/film interface [28,36,51,52]. Since Zn is more noble than Mg, it would serve as a 

cathode in a galvanic couple with Mg. Enrichment either involves incongruent dissolution 

of the Zn-containing Mg alloy or re-deposition of dissolved Zn2+ (aq) and metallic Zn as 

an additional local cathode reaction. The latter is one of the theories proposed to explain 

cathodic activation, which involves de-coupled dissolution and re-deposition of noble 

metal impurities [53,54]. Regardless, the Zn-enrichment likely is a consequence of 

corrosion that occurred during the conversion coating process. The incorporation of Mg 

into the conversion coating is direct evidence (Figure 5.5) that this is indeed the case. 

Therefore, the condition necessary for galvanic corrosion to be established immediately 

upon immersion exist for the conversion coating, providing there are interconnecting 

pores that put the solution in direct contact with the bare metal. More research is clearly 

required to test this hypothesis. 

 Conclusions 

1. Li2CO3 was successfully spray-deposited onto Mg Alloy ZEK100 sheet metal 

as a candidate surface pre-treatment layer. The as-deposited coating is dense, 

uniform and lacks defects such as pores and cracks. In contrast, the commercial 

hexafluoro-titanate/zirconate-polymer conversion coating is compact and thin, 

but contains relatively large defects such as pores and cracks.  

2. Electrochemical measurements demonstrate that the Li2CO3-coated surface 

reduces corrosion of ZEK100 immersed in 0.1 M NaCl (aq) relative to the bare 

surface. The improved corrosion control likely involves both a physical 
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(barrier) and electrochemical (corrosion inhibiting) contribution as both the 

global anode and cathode kinetics are reduced relative to the bare metal.  

3. The conversion-coated surface shows an inductive contribution to the 

impedance measured during short term immersion, which implies activated 

dissolution is occurring. STEM-EDS mapping points to a local galvanic 

coupling between the Zn-enriched layer (cathode) and the bare metal surface 

(anode) at sites where the solution would be in direct contact with the bare 

metal.  
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Global Discussion 

When added as an inhibitor just below the solubility limit of 12.75 g/L (0.1725 M) 

at 25 °C [1], Li2CO3 (aq) can significantly reduce corrosion of Mg alloy sheet metal 

product. The addition of 100 mM Li2CO3 (aq) significantly reduces corrosion of AZ31B 

(H24 temper) and ZEK100 (O temper) in 0.1 M NaCl (aq) at ambient temperature by a 

factor of ~10 (Chapter 3) and ~12 (Chapter 4) respectively. Inhibition is a complex 

process that involves a reduction in the global anode and cathode kinetics, as well as a 

suppression of localized activation (anode and cathode) at sites where the intact surface 

film breaks down locally. The lack of a significant substrate (alloy composition) effect on 

the degree on inhibition is a significant finding from a “one size fits all” perspective for 

controlling corrosion of Mg alloy components using the two-layer protective coating 

scheme preferred by the automotive industry (surface pre-treatment inner layer with 

epoxy E-coating sealant over-layer) [2,3]. The idea going forward is to incorporate 

leachable Li2CO3 either as a standalone surface pre-treated coating or as an inhibitor 

additive within an appropriate polymer coating, akin to what has been successfully 

demonstrated for Al alloys [4-6], complete with an epoxy E-coating sealant over-layer. 

 Corrosion Inhibition Mechanism 

Figure 6.1 shows a schematic comparing the various stages that are suspected to 

be involved during the corrosion of Mg alloys immersed in NaCl (aq) with and without 
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inhibition imparted by a leachable Li2CO3 component, either as a standalone coating or as 

an inhibitor additive to a coating. For simplicity, key aspects are compared for two basic 

stages of corrosion: (i) initiation (localized breakdown of the intact film/coating) and (ii) 

propagation (activation and associated anodic film formation). Two key factors believed 

to be involved in either sustaining or suppressing activation include: (i) composition and 

relative chemical stability of the anodic film formed and (ii) composition of solution 

within the occluded cell that is the breakdown site. A detailed physical description of two 

basic stages is discussed separately as follows. 

Stage 1: Corrosion Initiation 

For the bare metal case, activated corrosion would initiate at localized site where 

the intact surface film breaks down. The intact surface film is comprised of a thicker, 

more porous Mg(OH)2-rich layer residing on top of a thinner, less porous MgO-rich inner 

layer [7-9]. Incorporation of Cl− ions into the intact surface film is a necessary precursor 

step to weaken the chemical stability prior to breakdown [10,11]. Breakdown has been 

linked to micro-galvanic cell activity between Al-Mn intermetallic particles, where the 

particles serves as the cathode and the -Mg matrix phase serves as the anode [12,13]. 

Presumably, the galvanic coupling anodically- polarizes the film covered -Mg matrix 

above the breakdown potential, but such a physical description is lacking this sequence of 

events.  

Alternatively, breakdown has also been linked to the tendency for MgO to 

chemically transform to Mg(OH)2 via the following process involving hydration, 

dissolution and precipitation [14-16]: 
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2

2 2( ) 2 ( ) ( ) ( )MgO H O MgO HOH Mg aq OH aq Mg OH s+ −+ → → +
  (1) 

Breakdown here is also assisted the positive volume change that accompanies the 

transformation of MgO to Mg(OH)2, which causes a stress-induced rupture [7,17]. Since 

grain boundaries transform faster than the grains [18,19], it is easy to imagine how the 

stress rupture process creates a continuous pathway to contact the bare metal surface with 

the corrosive solution.  

For the coated metal case, with a leachable Li2CO3 component, breakdown would 

involve a through-thickness defect that places the bare metal in direct contact with a 

corrosive solution. 

The defect could be a pre-existing one that is formed during the coatings process 

or one that is formed during service where the coating break downs locally by various 

physical and/or chemical environmental factors. Once in contact with the corrosive 

solution, Li2CO3 would dissolve, setting up the following chemical equilibria (with the 

equilibrium solubility product (ksp) and base (kb) constants quoted for 298 K [20]): 

𝐿𝑖2𝐶𝑂3(𝑠) → 2𝐿𝑖+(𝑎𝑞) + 𝐶𝑂3
−2(𝑎𝑞) 𝑘𝑠𝑝 = 8.15 × 10−4    (2) 

2 4

3 2 3( ) ( ) ( ) 2 10bCO aq H O HCO aq OH aq k− − − −+ → + =     (3) 

If Li2CO3 dissolves to form a saturated solution (12.75 g/L (0.1725 M) at 25 °C 

[1]) within the occluded cell that is the defect site, then the corresponding pH would drop 

from near-neutral to about ~11, when just considering Equation (3) as the only chemical 

equilibrium associated with CO3
2− (aq). 
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Thus, the main difference between the cases is the corrosion solution composition 

within the occluded cell that is the breakdown site. For the bare metal case, the corrosive 

solution is a near-neutral solution containing Cl− as an aggressive ions. For the coated 

metal case, the corrosive solution is alkaline and contains Li+, CO3
2− and OH− inhibiting 

ions in addition to aggressive Cl− ions. In both cases, bare metal contacts the corrosive 

solution and activated corrosion initiates. 

Stage 2: Corrosion Propagation 

For both the bare metal and coated metal cases, activated corrosion would involve 

the close localized coupling of activated anodic dissolution and concomitant cathodic H2 

gas evolution [21]. A physical description of this stage is lacking given the lack of 

agreement on the actual cathode activation mechanism [22]. Regardless of the exact 

cathode mechanism, fast anodic film MgO formation as thin, relatively dense inner layer 

via Equation (4) would be expected based on detailed TEM examination [7-9]: 

2( ) ( ) 2 ( ) 2Mg s H O MgO s H aq e+ −+ → + +     (4) 

Concrete in-situ evidence in support of this claim is the AES-ICP work that shows 

a consistent difference between the anodic charged passed from an anodically dissolving 

Mg surface and the quantity of charge passed determined from the detected of Mg2+ (aq), 

which can be accounted for by film formation [23]. For the bare metal case, the 

composition of MgO is not altered in any meaningful way. However, for the coated metal 

case, the composition of MgO is significantly altered by the incorporation of Li. 

Formation of a similar film formed during the corrosion of an Mg-Li-(Al-Y-Zr) alloy has 

been argued to involve a charge compensation mechanism [24].  
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For the bare metal case, activation would be sustained on account of two 

contributing factors that undermine the physical integrity of the anodic MgO film formed 

through stress rupturing. First is the tendency for the MgO film subsequently transform to 

the larger molar volume Mg(OH)2 via the hydration, dissolution and precipitation reaction 

sequence (Equation (3)), similar to the breakdown process described for Stage 1. Second 

is the activated cathode H2 gas evolution, and associated pressure build up, that 

accompanies activated anode dissolution of the bare metal. Stress rupture would serve to 

promote contact of new bare metal surface with the corrosion solution, thus sustaining 

propagation of the localized activated corrosion.  

For the coated metal case, activation would be suppressed on account of two 

contributing factors. First is a physical factor that involves an increased chemical stability 

of the Li-doped MgO film against transformation to Mg(OH)2 via the hydration, 

dissolution and perception reaction sequence (Equation (3)). The simplest explanation is 

the slower MgO transformation kinetics exhibited in alkaline solutions [14,15]. Second is 

an electrochemical factor that involves Li+ ions inhibiting activated cathode H2 gas 

evolution. Dissolved Li+ would inhibit H2 evolution kinetics by modifying the Mg-H 

bond energy in the presence of Li+ in the presence of OH− [25,26]. 

 

 



 

Ph.D. Thesis                                                                                         McMaster University 

Basem Zaghloul      Materials Science and Engineering 

 

174 

 

Figure 6.1. Schematic model shows the filament corrosion initiation and propagation 

stages for bare metal case and filament corrosion initiation and suppression for coated 

metal case.  

 Protective Coating Scheme Development Prospects 

Spray-depositing Li2CO3 onto ZEK100, as a corrosion inhibiting surface pre-

treatment layer, showed promising results in terms of controlling corrosion in 0.1 M NaCl 

(aq) (Chapter 5). The spray-coated layer exhibits key favorable characteristics expected of 

a barrier layer, including being uniform, compact, adherent and free of major defects such 

as pores and cracks. The looming question is here is how is compatible the Li2CO3-coated 

surface with the cationic epoxy E-coating sealant over-layer preferred by the automotive 

industry.  
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The cationic epoxy E-coating process is an electrophoretic deposition process that 

involves two steps: (i) charged cation-stabilized epoxy-based resin micelles dissolved in 

water migrate towards the working surface (cathode) under an applied electric field 

(electrophoresis) and (ii) neutralized (deprotonated) epoxy-based resin micelles then 

deposit on the working surface (cathode) forming a relatively dense and homogeneous 

compact pre-film (deposition) that is subsequently cured to promote polymerization [27-

31]. These steps can be represented by two fundamental reactions: 

2 22 2 2 ( ) ( )H O e OH aq H g− −+ → +
     (5) 

3 2 2( ) ( ) ( )R NH aq OH aq R NH s H O+ −− + → − +
   (6) 

Equation 5 is surface alkalization reaction that generates OH- as a product of the 

H2 gas evolution reaction. Equation 6 is the deposition reaction whereby the dissolved 

cationic amino-epoxy resin (R–NH3+) reacts with the OH− (aq) produced to form the 

insoluble (deprotonated) neutral amino-epoxy resin (R–NH2), which deposits on the 

cathode surface, forming the pre-film. The electrolyte basically consists of 80% water and 

20% solids (resin and pigments) with pH 5.8-6.2 [28]. Thus, one major concern here is 

the tendency for the Li2CO3 coating to dissolve in slightly acidic aqueous electrolyte. 

Such a tendency to dissolved in near-neutral 0.1 M NaCl (aq) limited the measurements 

of the electrochemical response of the Li2CO3-coated ZEK100 surface in Chapter 5 to 

relatively short exposure times (~10 minutes). Future work will involve sending a set of 

spray-deposited Li2CO3-coated ZEK100 samples to ACT Test Panels LLC (Hillsdale, LI) 

for application of a commercial E-coating prior to a subsequent corrosion assessment. 
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Conclusions 

The overarching hypothesis of this thesis is the idea that dissolved Li2CO3 can 

impart effectively inhibit corrosion of Mg alloy sheet metal when immersed in NaCl (aq) 

by combining the inhibiting capability of dissolved Li+, albeit based on an alloyed Li 

effect, and carbonate (CO3
2−/HCO3

−/OH−) on both anode and cathode kinetics and 

protective surface film formation. Three global conclusions can be drawn from the 

research conducted to prove the hypothesis correct, which are summarized as follows.  

 

1. When added as an inhibitor just below the solubility limit at 25 °C, Li2CO3 (aq) 

can significantly reduce corrosion of Mg alloy sheet metal product. The addition 

of 100 mM Li2CO3 (aq) significantly reduces corrosion of AZ31B (H24 temper) 

and ZEK100 (O temper) in 0.1 M NaCl (aq) at ambient temperature by a factor of 

~10 (Chapter 3) and ~12 (Chapter 4) respectively. 

 

2. Inhibition is a complex process that involves a reduction in the global anode and 

cathode kinetics, as well as a suppression of localized activated corrosion 

(activated anodic dissolution and concomitant activated cathode H2 gas evolution) 

at sites where the intact surface film breaks down locally. Two factors are 

proposed to account for localized activated corrosion suppression. First is a 

physical factor that involves an increased chemical stability of the Li-doped MgO 
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film, formed during anodic dissolution, against transformation to Mg(OH)2 via the 

hydration, dissolution and perception reaction sequence. Second is an 

electrochemical factor that involves Li+ ions inhibiting activated cathode H2 gas 

evolution in the presence of OH− ions. 

 

3. Spray-depositing Li2CO3 onto ZEK100, as a corrosion inhibiting surface pre-

treatment layer, showed promising results in terms of controlling corrosion in 0.1 

M NaCl. Improved corrosion control is attributed to the formation of uniform, 

compact, adherent and defect-free coating (physical barrier contribution) and the 

ability of dissolved Li2CO3 to inhibit both the global anode and cathode kinetics 

and suppression of localized activated corrosion (electrochemical). 

 

 

 

 

 

 

 

 

 

 

 
 

 
 




