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Abstract 

 

The filiform-like corrosion of Magnesium (Mg) alloys AZ31B and AM30 was investigat-

ed with electrochemical and microanalytical techniques. Potentiodynamic polarization 

testing and scanning vibrating electrode technique (SVET) measurements confirmed the 

“differential electrocatalytic” mechanism previously reported for filiform and filiform-

like corrosion on pure Mg and AZ31B. Transmission electron microscopy (TEM) and 

Auger electron spectroscopy (AES) revealed that the MgO corrosion filaments on both 

alloys were likely a product of the direct reaction of Mg and water (H2O), responsible for 

the rapid hydrogen (H2) evolution observed at the propagating corrosion fronts. TEM 

analysis also revealed through-thickness cracks and noble intermetallic particles within 

the corrosion filaments and noble metal enrichment at the corrosion filament/metal inter-

faces, which were proposed to play significant roles in the cathodic activation of the cor-

rosion filaments. The higher susceptibility of the AZ31B alloy to cathodic activation ver-

sus AM30 suggested that Zinc (Zn) has a detrimental effect on the resistance of Magnesi-

um-Aluminum-Zinc (Mg-Al-Zn) alloys to filiform and filiform-like corrosion. 
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Chapter 1:  Introduction 

 

Concerns about rising energy demand and subsequent climate change due to greenhouse 

gas (GHG) emissions have led policymakers around the world to establish various GHG 

emission reduction targets [1]. In Canada, the transportation sector accounts for approxi-

mately 21% of the country’s total energy usage and 24% of total GHG emissions [2]. The 

transportation sector accounts for 28% of total energy usage in the United States, with 

59% of total transportation energy use attributed to cars and light trucks [3]. As such, the 

transportation industry (particularly passenger vehicles) is a major target of efforts to re-

duce GHG emissions, which highlights the need for “at-the-source” emission-reduction 

strategies such as high-density urban planning, public transit and car-sharing incentives 

[4,5]. However, another strategy being undertaken is to improve the energy efficiency of 

automobiles through technological means. The implementation of sustainable lightweight 

automotive materials is identified as a key strategy in this regard by the United States-

Canada Clean Energy Dialogue [6,7]. 

 The low density of magnesium (Mg) alloys (two-thirds that of aluminum [Al] and 

one-quarter that of iron [Fe]) makes them promising candidates for light-weight automo-

tive applications. Recognizing this, the Magnesium Front End Research and Development 

(MFERD) Project was established between Canada, the United States and China in 2007  

to investigate and develop technologies enabling the implementation of a magnesium-

intensive automotive front end body structure in consumer automobiles [7,8]. A “cradle-
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to-grave” lifecycle analysis undertaken as part of this initiative demonstrated that the fuel 

savings accrued by a 2007 GM-Cadillac CTS with a magnesium-based front end assem-

bly would lead to an overall decrease in energy usage and GHG emissions compared to 

the standard carbon steel-based front end assembly (Figure 1.1) [9]. Although the vehicle 

with the Al-based front end assembly had the lowest amount of required energy and emis-

sions expected throughout its lifetime, the authors of the study noted that the most sub-

stantial improvements in primary production and recycling efficiency could be expected 

for Mg in the future due to the relatively low maturity of Mg technology [9]. 

 

 

Figure 1.1: “Cradle-to-grave” life cycle analysis of a North America-built 2007 GM-

Cadillac CTS with an Al, Mg and carbon steel-based front end assembly [9]. The (a) 

required energy and (b) GHG emissions expected from each assembly is shown as a 

function of vehicular distance travelled.  
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  Although the use of Mg alloys has seen significant growth in the automotive in-

dustry, the generally poor corrosion resistance in aqueous and chloride (Cl)-containing 

environments has been a major factor in preventing their widespread adoption [10,11]. 

Efforts to improve the corrosion resistance of Mg alloys have been complicated by the 

fact that Mg corrosion is less understood and quite unique versus that of Fe and Al-based 

alloys [12,13]. One of the MFERD project tasks is thus focussed on better understanding 

of corrosion processes and protection technologies, including applied coatings schemes 

[8,14]. Coated Mg and Mg alloys are susceptible to a localized corrosion phenomenon 

referred to as filiform corrosion [14,15], an example of which is shown in Figure 1.2. Fili-

form corrosion initiates at a local coating defect and then propagates laterally, undermin-

ing the originally intact coating in the process [15]. The specific mechanisms associated 

with filiform corrosion (which also appears to occur on uncoated Mg and Mg alloys 

[15,16]) need to better understood in order to aid the development of effective and robust 

coating schemes. Therefore, this thesis is focused on gaining a better understanding of 

filiform corrosion of industrially-relevant Mg alloys, namely AZ31B  and AM30, which 

have been considered for implementation in the MFERD front end demonstration struc-

tures [8,9].                
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Figure 1.2: Surface images of a polyvinyl butyral-coated pure Mg sample undergo-

ing filiform corrosion [15]. Images were taken at various times after applying a 

droplet of 1 mole per litre (M) aqueous HCl to a penetrative scribe in the coating. 
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Chapter 2:  Literature Review 

 

2.1. Fundamental Corrosion Mechanism for Mg 

 

Mg is well known as one of the most reactive metals with a standard electrode potential 

of -2.4 V versus a standard hydrogen (H2) electrode or -2.6 V versus a saturated calomel 

electrode (VSCE). When immersed in an aqueous Cl solution, the corrosion potential (Ecorr) 

of Mg and its alloys typically falls between -1.4 to -1.8 VSCE [17], which is the lowest of 

all engineering alloys. This low Ecorr leads to some important corrosion characteristics 

unique to Mg. Firstly, within the range of -1.4 to -1.8 VSCE the H2 evolution (HE) reac-

tion, rather than oxygen (O2) reduction, is the dominant cathodic reaction regardless of 

aeration conditions [13]. The low corrosion potential is also a significant concern for Mg 

alloys which possess heterogeneous microstructures, since the secondary phases are most 

often cathodic with respect to the Mg matrix phase. This leads to micro-galvanic cou-

pling, causing the Mg matrix phase to be selectively attacked in regions adjacent to the 

secondary phases [18–21]. 

The reactions governing aqueous Mg corrosion are most commonly written as 

shown in Equations (2.1)-(2.4) [18,21]. The anodic Mg dissolution reaction (2.1) and ca-

thodic HE reaction (2.2) cause the production of Mg2+ and OH- ions, respectively, as well 

as the evolution of H2 bubbles. The Mg2+ and OH- ions can then undergo a chemical reac-
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tion (2.3) to produce Mg hydroxide (Mg[OH]2), resulting in the overall corrosion reaction 

(2.4) of Mg and H2O reacting to produce Mg(OH)2 and H2 gas. 

 

 2 2  Mg Mg e   (2.1) 

 22 2  H e H  or 2 22 2 2   H O e H OH  (2.2) 

 2
22 ( )  Mg OH Mg OH   (2.3) 

 2 2 22 ( )  Mg H O Mg OH H   (2.4) 

 

 The negative difference effect (NDE) is an often-reported phenomenon of aqueous 

Mg corrosion in which an increased magnitude of anodic polarization (i.e. removal of 

electrons) is accompanied by increased HE, apparently contradicting Equation (2.2) 

[13,22,23]. Although a variety of mechanisms [22,24] have been explored to account for 

this behaviour, a number of recent investigations [13,23,25,26] have pointed to an in-

creased catalytic tendency for HE on increasingly corroded Mg surfaces as the cause of 

the NDE. Further details of this concept will be discussed in later sections of this chapter 

and Chapter 6. 

 

2.2. Film Formation and Growth on Mg in Aqueous Media 

 

Aqueous-formed surface films on Mg are typically reported to be composed of a mixture 

of magnesium oxide (MgO) and Mg(OH)2 with overall film thicknesses ranging from ap-

proximately 10 nm to a few µm, depending on the immersion time [27–31]. Investiga-
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tions employing X-ray photoelectron spectroscopy (XPS) have demonstrated that the 

Mg(OH)2-rich outer layer of the surface film thickens as a function of immersion time, 

whereas the MgO-rich inner layer thickness remains relatively constant [29,30]. 

The surface film formed on Mg after immersion in a bulk volume of pure water 

(H2O) for 48 h has been investigated by Nordlien et al. [27] and Taheri et al. [31] using 

cross-sectional transmission electron microscopy (TEM). Nordlien et al. observed a three-

layer structure comprised of a cellular Mg(OH)2 inner layer, dense MgO intermediate lay-

er and platelet-like Mg(OH)2 outer layer, shown schematically in Figure 2.1. The MgO 

intermediate layer was assumed to have formed as a result of ambient atmosphere expo-

sure prior to immersion, whereas the outer and inner Mg(OH)2 layers were assumed to 

have formed as a result of egress of Mg2+ and ingress of H2O, respectively, through the 

intermediate layer [27]. Taheri et al., on the other hand, observed a two-layer structure 

consisting of a platelet-like Mg(OH)2 outer layer overtop a porous MgO-rich inner layer 

(Figure 2.2). It was proposed that the thermodynamically-favourable chemical hydration 

of the initially-present MgO-rich layer led to the observed porosity in the inner layer, pre-

sumably because of internal stresses associated with the lattice expansion upon transfor-

mation from MgO to Mg(OH)2  [31]. The induced porosity constituted a “breakdown” of 

this layer allowing for the dissolution-precipitation mechanism responsible for the 

Mg(OH)2 outer layer formation (Figure 2.3) [31]. Differing preparation techniques used 

by Nordlien at al. (ultramicrotomy) and Taheri et al. (focused ion beam [FIB] milling) 

were proposed to have influenced the differing observations between the two studies [31]. 

Taheri et al. also measured the open circuit potential (OCP) of Mg as a function of im-
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mersion time in pure H2O (Figure 2.4). It was proposed that the initial rise of the OCP 

within the first 2 h of immersion corresponded to the hydration of the initial MgO layer, 

and that the plateau corresponded  to the formation of the outer Mg(OH)2 layer [31]. 

Some support for this notion was provided in a cross-sectional TEM investigation of Mg 

performed by Unocic et al. [32], who observed only a single-layer MgO structure with a 

thickness of tens of nm following a shorter immersion time of 4 h in pure H2O. However, 

it should be noted that Taheri et al. immersed their Mg samples in a 1000 mL volume of 

H2O while Unocic et al. only used 5 mL, the latter of which was determined to result in a 

notably thicker surface film [32].     

 

 

Figure 2.1: Schematic representation of the three-layer surface film on Mg observed 

by Nordlien et al. after immersion in pure H2O for 48 h [27]. 
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Figure 2.2: (a) SE-SEM image displaying plan view morphology of the surface film 

formed on Mg after immersion in pure H2O for 48 h, (b) SE-SEM image displaying 

FIB-prepared thin foil cross section of the surface film, (c) Bright field (BF)-TEM 

image of the surface film in cross-section, (d) Dark field (DF)-TEM image of the sur-

face film in cross-section highlighting the (200) MgO plane [31]. 
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Figure 2.3: Schematic representation of the two-layer surface film on Mg observed 

by Taheri et al. after immersion in pure H2O for 48 h [31]. 

 

 

Figure 2.4: Plot of the OCP of Mg as a function of immersion time in pure H2O [31]. 
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2.3. Effects of Alloying Elements on General Corrosion Behaviour of Mg  

 

The addition of alloying elements to Mg often results in the formation of secondary phas-

es, which as mentioned in Section 2.1 can lead to micro-galvanic interactions and ulti-

mately localized corrosion. However, the AZ31B and AM30 alloys investigated in this 

thesis possess single-phase microstructures with the exception of aluminum-manganese 

(Al-Mn) intermetallic particles. Therefore, this section focuses on the effects of solid-

solution additions of Al and zinc (Zn) on the corrosion behavior of Mg, while the effects 

of Mn additions are discussed in the context of Al-Mn particles. 

 

2.3.1. Aluminum 

 

The solid-solution addition of Al has been widely reported to improve the corrosion re-

sistance of Mg via Al-enrichment of the oxide/hydroxide surface film, which strengthens 

the film and leads to reduced anodic kinetics [33–39]. Following aqueous immersion of 

solid-solution Mg-Al binary alloys containing 3-16 wt.% Al, Baliga and Tsakiropoulos 

[35] and Mathieu et al. [38] reported the formation of a hydrotalcite-type film consisting 

of Mg(OH)2 structures with Al3+ ions substituting for a portion of the Mg2+ lattice sites. 

Nordlien et al. [36,37] carried out cross-sectional TEM examinations of Mg alloys con-

taining 2-3 wt.% Al immersed in pure H2O for 48 h and reported the same three-layer 

structure as they observed for pure Mg (Figure 2.1). However, energy dispersive X-ray 
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spectroscopy (EDS) measurements revealed the surface films to be enriched with up to 35 

wt.% Al at certain locations and the outer Mg(OH)2-rich layer decreased in thickness as a 

function of alloyed Al content [36,37]. Phillips and Kish [40] similarly reported an Al-

enriched surface film above the Mg-rich matrix phase of Mg alloy AZ80.  

     

2.3.2. Zinc 

 

Several investigations have studied the corrosion behaviour of binary Mg-Zn alloys, but 

the formation of secondary phases or inhomogeneities in as-cast microstructures made it 

difficult to separate micro-galvanic effects from the effects of Zn in solid solution with 

Mg [41–43]. Xia et al. [44] investigated solutionized binary Mg-Zn alloys containing 0-2 

wt.% Zn and found that the anodic kinetics decreased as a function of Zn content while 

the cathodic kinetics increased, leading to an overall neutral effect on the corrosion cur-

rent. The anodic and cathodic kinetics were changed by approximately an order of magni-

tude with the addition of 2 wt.% Zn [44]. 

 Metallic Zn-enriched layers have been observed at the film/metal interface of both 

air-formed [45] and aqueous-formed [32,40] surface films on Mg alloys containing ap-

proximately 0.5-1 wt.% Zn. Unocic et al. [32] suggested the enrichment of Zn at the sur-

face of the metal led to decreased anodic kinetics, which is consistent with the previously 

discussed findings of Xia et al [44]. Additionally, the fact that cathodic kinetics on Zn are 

approximately an order of magnitude larger than Mg at the corrosion potential of Mg [46] 
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would explain the enhanced cathodic kinetics observed when Zn is added in solid solution 

with Mg [44]. 

 

2.3.3. Manganese  

 

Mn has a very low solid solubility in Mg (approximately 0.95 at% at 650°C [47]) and 

therefore is expected to be virtually absent from the matrix phase of the alloy that it is 

added to. One of the main purposes of adding Mn to Mg alloys is to scavenge Fe by form-

ing Al-Mn-(Fe) particles, thus eliminating elemental Fe particles from the microstructure 

which otherwise would cause severe micro-galvanic corrosion [48–50]. The Al-Mn-(Fe) 

particles are often separated from the alloy during the melting stage prior to casting [49]. 

Regardless of whether or not this separation occurs, the corrosion resistance of the alloy 

is improved by the Mn addition because the Al-Mn-(Fe) phase is a less efficient cathode 

than pure Fe [50].  

 

2.4. Localized Corrosion Phenomena of Pure Mg and Single-Phase Mg 

Alloys 

 

While localized corrosion on multi-phase Mg alloys can often be explained by micro-

galvanic effects, localized corrosion mechanisms on pure Mg and single-phase alloys are 

not well understood [18–21]. Localized corrosion on these materials is generally charac-
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terized by the appearance of dark corrosion products which propagate laterally across the 

surface of the metal. The corrosion products tend to form as thread-like “filaments” or 

radially-expanding “discs”, the latter of which can be mistaken as traditional pitting at 

short times after their initiation [12,15,16,26,51–57]. The advancement of localized elec-

trochemical techniques and high-resolution electron imaging has allowed researchers to 

make significant developments in the understanding of localized corrosion phenomena on 

pure Mg and single-phase alloys [12,15,16,51,58]. 

 

2.4.1. Pure Mg 

 

Several researchers have reported the occurrence of localized corrosion on pure Mg dur-

ing immersion in aqueous sodium chloride (NaCl) solutions. Disc-like corrosion tends to 

occur in relatively concentrated (greater than 0.6 M) solutions [12,26] while filiform-like 

corrosion tends to occur during immersion in relatively dilute (0.1 M or less) solutions 

[15,52–54]. 

Williams and co-workers have offered critical insights into the electrochemical 

mechanism of localized corrosion on pure Mg by employing the scanning vibrating elec-

trode technique (SVET) [12,15,54]. The SVET involves vibrating a platinum (Pt) micro- 

electrode tip close to the sample surface and measuring the voltage difference between the 

two extremes of the tip’s position. Then, knowing the conductivity of the solution and the 

amplitude of the tip vibration, ionic current density can be calculated in the direction of 

vibration using a modified form of Ohm’s law [59]. Alternatively, a calibration relating 
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the measured voltage difference and ionic current density for a given solution can be per-

formed by taking vibrating electrode measurements of a series of known applied current 

densities [12]. A more detailed explanation of the SVET is available elsewhere [59]. The 

ability to measure spatially-resolved ionic currents makes the SVET an excellent choice 

to study localized corrosion phenomena on any metal. However, the technique can be par-

ticularly advantageous for investigations of the localized corrosion of Mg when compared 

to scanning electrochemical microscopy techniques which employ microelectrodes to col-

lect evolved Mg2+ and H2. This is because the local detection of HE via H2 collection 

cannot be directly correlated to local cathodic currents, since rapid Mg dissolution (i.e. an 

anodic process) is often accompanied by HE at the same locations on the surface [60]. By 

contrast, SVET-detected cathodic ionic currents above corroding Mg can only correspond 

to the cathodic HE reaction [Equation [2.2]). 

During the initial immersion of pure Mg in a 5% w/v (0.86 M) NaCl solution, 

Williams and McMurray [12] noted that the OCP quickly increased (Figure 2.5) as the 

polished metal surface turned a whiter colour, which indicated the transition from an air-

formed surface film into a thicker aqueous-formed surface film. A SVET plot collected 

during this initial film-forming phase revealed several cathodic “hotspots” (Figure 2.6), 

which may have indicated the locations of either defects in the surface film or cathodic 

impurity particles such as elemental Fe. The inflection point of the OCP transient curve 

shown in Figure 2.5 corresponded with the initiation of a dark corrosion product which 

subsequently spread across the metal surface in the form of a corrosion disc (Figure 

2.7[a]). The SVET plots shown in Figure 2.7(b) revealed net cathodic currents above the 
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regions consumed by the corrosion disc. Galvanic coupling of this region with the adja-

cent intact metal surface caused intense anodic currents at the perimeter of the laterally-

spreading corrosion discs. This “differential electrocatalytic” mechanism was also shown 

to drive filiform corrosion on coated pure Mg (Figure 1.2) with scanning Kelvin probe 

measurements [15].  

 

 

Figure 2.5: Plot of the OCP of Mg as a function of immersion time in a 5% w/v (0.86 

M) NaCl solution [12]. 
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Figure 2.6: SVET plot of pure Mg immediately after immersion in a 5% w/v (0.86 

M) NaCl solution (prior to initiation of localized corrosion) [12]. 

 

 

Figure 2.7: (a) Surface images and (b) SVET plots of pure Mg at various times after 

immersion in a 5% w/v (0.86 M) NaCl solution [12]. Note that (a) and (b) were rec-

orded from different samples, and thus the surfaces images and plots do not directly 

correspond to one another.  
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Enhanced catalytic activity for the cathodic reaction on corroded Mg has been in-

dependently verified via conventional cathodic polarization experiments on pure Mg sur-

faces previously subjected to anodic polarization [23,58]. The “cathodic activation” of 

corroded Mg has thus been suggested as the cause of the NDE, since anodic polarization 

leads to the rapid formation of localized corrosion products, which would subsequently 

increase the rate of the HE reaction [13,23]. However, the mechanism by which the HE 

reaction is enhanced on corroded Mg is still unclear. Cathodic activation of the locally 

corroded regions of pure Mg has been proposed to result from enrichment of more noble 

impurity elements such as Fe, which are left behind when Mg is selectively dissolved 

[12,61]. Physical evidence in support of this mechanism was provided in an investigation 

by Taheri et al. [58] where Fe particles were resolved with TEM in the corroded regions 

of anodically polarized pure Mg (Figure 2.8[c,d]). However, Samaniego et al. [62] pro-

vided some evidence casting doubt on the above mechanism by showing that Mg alloyed 

with Ca, which is more electrochemically active than Mg, exhibited a higher HE rate than 

pure Mg under galvanostatic anodic polarization. Williams and McMurray also suggested 

the increased surface area evidenced by the roughened appearance of the regions con-

sumed by the corrosion disc could be an additional factor causing enhanced cathodic ki-

netics on locally corroded Mg [12]. The investigation by Taheri et al. [58] also provided 

evidence of this claim, as the plan view SEM images of the corrosion disc revealed a 

rough platelet-like morphology (Figure 2.8[a,b]).     



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 2: Literature Review 

19 

 

Figure 2.8: (a) SE-SEM image displaying plan view morphology of the corrosion disc 

formed on Mg after immersion in 0.01 M NaCl for 48 h followed by anodic polariza-

tion at -1.0 VSCE, (b) higher magnification plan view SE-SEM image of the corrosion 

disc, (c) HAADF-STEM image of the corrosion disc in cross-section, (d) EDS point 

identification spectra from the area marked by the small square in (c) (note that the 

gallium (Ga), tungsten (W) and copper (Cu) signals were artifacts of the FIB and 

TEM sample preparation technique [58]. 

 

A subsequent investigation by Williams and Grace [15] demonstrated that the im-

mersion of pure Mg in a more dilute solution of 0.01 M NaCl led to filiform-like corro-

sion rather than disc-like corrosion (Figure 2.9[a]). However, the SVET measurements 

shown in Figure 2.9(b) revealed that the electrochemical mechanism of filiform-like cor-
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rosion was identical to that of disc-like corrosion, since the regions previously consumed 

by the corrosion filaments displayed enhanced catalytic activity for the cathodic HE reac-

tion. The change from disc-like to filiform-like morphology upon reducing the NaCl con-

centration has been suggested to be caused by the reduction of the conductivity (i.e. 

throwing power) of the solution, thereby hindering the ability of the local cathode to gal-

vanically couple with its entire perimeter [54]. 

   

 

Figure 2.9: (a) Surface images and (b) SVET plots of pure Mg at various times after 

immersion in a 0.01 M NaCl solution [15]. Note that (a) and (b) were recorded from 

different samples, and thus the surfaces images and plots do not directly correspond 

to one another. 

 

Schmutz et al. [51] and McCall et al. [63] have extensively characterized the 

structural and crystallographic properties of filiform-like corrosion on Mg in an aqueous 

solution of 0.01 M NaCl with a small addition (10-4 M) of sodium dichromate 
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(Na2Cr2O7). XPS analysis revealed that Cr was not significantly incorporated into the cor-

rosion filaments [51], indicating that these investigations can be justifiably compared to 

other investigations which used NaCl solutions containing no Cr2O7
2- ions. The corrosion 

filaments propagated laterally in high-surface energy directions such as grain boundaries, 

twin boundaries and scratch lines [51], and plan view SEM imaging of the corrosion fil-

aments revealed the presence of several cracks within the corrosion products (Figure 

2.10[a]). The authors noted that the cracks could be attributed to shrinkage only if the cor-

rosion products were composed of MgO, and not Mg(OH)2, since the former has a small-

er lattice parameter than Mg while the latter does not [51]. A higher magnification plan 

view SEM image of the corrosion filament (Figure 2.10[b]) revealed a roughened surface 

that appeared similar in morphology to that of the corrosion disc shown previously 

(Figure 2.8[b]). An SEM image of a FIB-prepared trench through a freshly formed corro-

sion filament, viewed at a 45º angle, is shown in Figure 2.10[c]. The corrosion filament 

appeared to have tunnelled underneath the Mg(OH)2-rich surface film previously present 

on the Mg surface (referred to herein as a pre-existing surface film), which is identical to 

the process of filiform propagation on an organic-coated metal [15]. The interface be-

tween the filament and metal was very rough, perhaps further supporting the notion of an 

increased surface area of corroded Mg causing a locally enhanced HE rate (albeit at the 

filament/metal interface in this case rather than the surface of the filament). Considerable 

electronic contrast was observed within the corrosion filament, with the top-centre portion 

appearing similar in intensity to the pre-existing Mg(OH)2-rich surface film and the re-

mainder of the filament appearing much brighter. The authors deduced that the lighter 
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portion was a very hard or electronically-insulating MgO-based corrosion product, since 

they also noted that argon (Ar) ion-sputtering through this region was significantly slower 

than sputtering through the porous pre-existing Mg(OH)2-rich surface film. 

 

 

Figure 2.10: (a) SE-SEM image displaying plan view morphology of a corrosion fil-

ament on a (0001) Mg surface after immersion in 0.01 M NaCl + 10-4 M Na2Cr2O7 

for 2 h, (b) higher magnification plan view SE-SEM image of the corrosion filament 

[63], (c) SE-SEM image (utilizing a Ga ion beam) of a FIB-prepared trench through 

a freshly formed corrosion filament on a Mg surface after immersion in 0.01 M NaCl 

+ 10-4 M Na2Cr2O7 for 2 h (viewed at a 45º angle) [51]. 
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2.4.2. AZ31B Alloy 

 

Mg alloy AZ31B, nominally containing 3 wt.% Al, 1 wt.% Zn and 0.3 wt.% Mn, is a 

commonly used wrought Mg alloy because of its relatively good strength, ductility and 

corrosion resistance [20]. The ‘B’ designation as outlined in the ASTM standard on the 

codification of Mg alloys specifies the maximum tolerance limits of various impurity el-

ements, which includes 0.005 wt.% for Fe [64]. AZ31B is a single-phase alloy with the 

exception of intermetallic Al-Mn particles distributed throughout the matrix [48,65–68]. 

The beta (β-Mg17Al12) phase is not typically observed in AZ31B, and thermodynamic 

modelling only predicts it to form below 200°C [68]. The Al-Mn particles observed are 

most commonly reported as Al8Mn5 with sizes ranging from 2 to 20 µm [48,65,67,68], 

although Al-Mn particles with sizes on the order of tens of nanometers have also been 

resolved with TEM [66,69].  

In neutral-pH solutions with Cl concentrations ranging from 0.01 M to 0.86 M, 

AZ31B tends to undergo filiform-like corrosion [16,55,56]. Williams et al. [16] have 

shown that the corrosion filaments formed on as-cast AZ31B in a 5% w/v (0.86 M) NaCl 

solution become cathodically activated in the same manner as the corrosion discs or cor-

rosion filaments on pure Mg, leading to intense local anodes at the heads of the corrosion 

filaments (Figure 2.11). The observation of filiform-like corrosion on AZ31B rather than 

the disc-like corrosion observed on pure Mg immersed in the same solution (Figure 2.7) 

was justified by the order-of-magnitude lower cathodic current densities measured on the 

regions consumed by the filaments [16]. Therefore, similarly to immersing pure Mg in a 
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lower-conductivity solution (Figure 2.9), the reduction of the catalytic efficiency of the 

locally corroded region prevented galvanic coupling with its entire perimeter, leading in-

stead to filiform-like propagation along energetically-favourable pathways. The cathodic 

activation of the corrosion filaments on AZ31B was proposed to result from a buildup of 

noble [70] Al-Mn particles which were left behind as the Mg matrix phase dissolved, as 

shown schematically in Figure 2.12 [16]. The reduction of the catalytic efficiency of the 

corrosion filaments on AZ31B with respect to the corrosion discs on pure Mg was thus 

corroborated with the proposal that the cathodic activation of the latter was caused by a 

buildup of more cathodically-efficient pure Fe particles. This observation provides strong 

evidence that the susceptibility of Mg and Mg alloys to cathodic activation (and thus, fili-

form or filiform-like corrosion) is highly dependent on the cathodic efficiency of their 

microstructural constituents.   
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Figure 2.11: (a) Surface images and (b) SVET plots of AZ31B at various times after 

immersion in a 5% w/v (0.86 M) NaCl solution [16]. Note that (a) and (b) were rec-

orded from different samples, and thus the surfaces images and plots do not directly 

correspond to one another. 

 

 

Figure 2.12: Schematic representation of the proposed filiform-like corrosion mech-

anism on AZ31B [16]. 
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2.4.3. AM30 Alloy 

 

Mg alloy AM30 nominally contains 3 wt.% Al and 0.4 wt.% Mn, with the absence of Zn 

being the major factor differentiating it from the AZ31B alloy [71]. The alloy was first 

developed in 2007, where an investigation demonstrated that the absence of Zn allowed 

for an improvement of the extrudability of the alloy with respect to AZ31B [71]. It should 

be noted that the AM30 alloy is not listed in the most recent ASTM standard on the codi-

fication of Mg alloys and thus does not contain the ‘B’ designation; however, the nominal 

maximum tolerance limit of 0.004 wt.% Fe specified for the alloy would pass the ‘B’ des-

ignation requirement for AZ31B [64,71]. As expected, the AM30 alloy is similar to the 

AZ31B alloy in that it is a single-phase alloy with the exception of intermetallic Al-Mn 

particles [72,73].  

In comparison to AZ31B, relatively few studies have been conducted on the cor-

rosion behaviour of AM30. Hu et al. [74] determined that the polarization kinetics prior to 

localized corrosion initiation on AM30 were not significantly different than on AZ31B in 

a GMW14872 test solution (0.9 wt.% [0.16 M] NaCl, 0.1 wt.% [0.009 M] CaCl2 and 

0.075 wt.% [0.009 M] NaHCO3) at pH 7.9. However, Zhao et al. [73] determined that the 

corrosion rate of AM30 was considerably higher than AZ31B in a more aggressive solu-

tion (3 wt.% [0.53 M] NaCl) in which localized corrosion was initiated. Song et al. [57] 

characterized the localized corrosion behaviour of AM30 immersed in 3.5 wt.% (0.62 M) 

NaCl and determined a polished surface was susceptible to filiform-like corrosion similar 

to AZ31B. 
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Chapter 3:  Research Objective 

 

Previous studies have shown that filiform or filiform-like corrosion on both uncoated and 

coated Mg and Mg alloys is driven by a “differential electrocatalytic” process, whereby 

the corrosion filaments catalyze the cathodic HE reaction and galvanically couple with 

intense anodic Mg dissolution at the filament heads. However, the precise mechanism by 

which the corrosion filaments are cathodically activated has not been elucidated in the 

literature to date. The main objective of the present investigation was thus to link the elec-

trochemical behaviour of filiform-like corrosion on Mg alloys with the physical and 

chemical structure of the corrosion filaments, such that a stronger understanding of the 

controlling factors of the filiform-like corrosion process could be established. Since Mg 

alloys adopted in exterior automotive applications will likely require applied coatings, a 

better understanding of these factors should prove to be useful in mitigating filiform cor-

rosion from local coating defects.  

The filiform-like corrosion tendencies of Mg alloys AZ31B and AM30, which are 

two of the candidate alloys that have been studied in the MFERD project, were investi-

gated and compared to one another. The electrochemical behaviour was characterized 

with conventional polarization tests and the SVET, while the corroded structures were 

characterized with cross-sectional TEM and Auger electron spectroscopy (AES) depth 

profiling. The intention of the latter exercise was to find evidence of Al-Mn particle 

buildup in the corrosion filaments and/or any other significant differences between the 
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corrosion filaments and the adjacent intact surfaces which could explain why and how the 

corrosion filaments became cathodically activated. Since Al-Mn particles were expected 

to be present in both alloys, any differences in their observed electrochemical behaviours 

could presumably be rationalized by different particle properties (i.e. particle size, distri-

bution and/or stoichiometry) or different alloying contents (i.e. alloyed Zn for AZ31B). 
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Chapter 4:  Experimental Methods 

 

4.1. Materials 

 

In this work, the filiform-like corrosion of Mg alloys AZ31B and AM30 taken from an 

automobile shock tower sub-assembly demo structure was investigated. The automotive 

demo structure was fabricated under the MFERD project [8,75]. The AZ31B alloy was in 

the form of a 2.0 mm thick wrought sheet in the H24 temper and the AM30 alloy com-

prised a 3.0 mm thick extruded part. 

The chemical compositions of each alloy as determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) are presented in Table 4.1. The AZ31B 

alloy had a slightly higher Al composition than the AM30 alloy (3.1 vs. 2.9 wt. %) and a 

slightly lower Mn composition (0.3 vs. 0.4 wt. %). However, the major compositional dif-

ference between the two alloys was the amount of Zn in each alloy; the AZ31B alloy con-

tained 1.2 wt. % Zn whereas the AM30 alloy contained no detectable Zn. The composi-

tions of both alloys were within the ranges outlined by their respective specifications 

[64,71].  
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Table 4.1: Chemical composition of alloying elements in the AZ31B and AM30 alloys 

determined by ICP-OES.  

Alloy Al Zn Mn 
Wt. % At. % Wt. % At. % Wt. % At. % 

AZ31B 3.08 2.81 1.16 0.44 0.293 0.131 
AM30 2.86 2.59 Not Detected 0.409 0.182 

 

Prior to electrochemical testing, a cross-sectional (i.e. transverse) and plan-view 

(i.e. longitudinal) face of each alloy was cold-mounted in epoxy in order to examine their 

respective microstructures. The mounted surfaces were polished using standard metallo-

graphic techniques and water-free lubricants. The samples were imaged with a Nikon 

Eclipse LV100 light optical microscope (LOM) and JEOL JSM-7000F scanning electron 

microscope (SEM), the latter of which was operated at 200 kV. Prior to LOM analysis, 

the samples were etched in a solution of 25 mL ethanol, 5 mL acetic acid and 2.1 g picric 

acid for 3 to 5 s in order to reveal their grain structures. After etching the samples were 

rinsed with ethanol and dried in a warm air stream. Prior to SEM analysis, a carbon (C) 

film was deposited on the sample surfaces in order to prevent major charging of the sam-

ples under the electron beam.  

The AZ31B alloy possessed an exterior layer containing relatively coarse grains 

(Figure 4.1[a]) while the AM30 alloy possessed a dual-layer exterior containing relatively 

fine grains at the top surface and relatively coarse grains just below the top surface 

(Figure 4.2[a]). These “skin” layers had a maximum thickness of approximately 500 µm 

for both alloys. Figure 4.1(b,c) and Figure 4.2(b,c) show plan-view LOM images of the 

alloy interiors which were obtained following removal of at least 500 µm of material 
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from each alloy. The grains within each alloy interior were relatively equiaxed, with the 

AZ31B alloy containing a significantly larger average grain size than the AM30 alloy. 

The AM30 alloy also contained numerous twins, while no twinning was observed in the 

AZ31B alloy. The mean grain size of each alloy was determined using the Heyn lineal 

intercept procedure as described in ASTM E112-10 [76]. The mean grain sizes of the 

AZ31B and AM30 alloys with 95% confidence intervals were 13 ± 2 μm and 133 ± 19 

μm, respectively. Intermetallic particles were observed in the LOM images of each alloy, 

and their presence was confirmed by their bright contrast observed under back-scattered 

electron SEM imaging (Figure 4.1[d] and Figure 4.2[d]). 
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Figure 4.1: (a) Cross-sectional LOM image displaying the grain structure through-

out the entire AZ31B alloy thickness, (b), (c) plan-view LOM images and (d) plan-

view SEM back scattered electron image following removal of at least 500 µm of ma-

terial from the AZ31B surface. 

 

 



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 4: Experimental Methods 

33 

 

Figure 4.2: (a) Cross-sectional LOM image displaying the grain structure through-

out the entire AM30 alloy thickness, (b), (c) plan-view LOM images and (d) plan-

view back scattered electron SEM image following removal of at least 500 µm of ma-

terial from the AM30 surface. The LOM images were captured with polarized light 

in order to display the grain structure more clearly.  

  

Unless otherwise noted, plan-view sections with at least 500 µm of material re-

moved from the top surfaces were employed for the tests subsequently described in Sec-

tions 4.2 and 4.3. This ensured that the tested alloy surfaces consistently possessed the 

interior grain structures observed in Figure 4.1(b,c) and Figure 4.2(b,c). 
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4.2. Electrochemical Characterization of Corrosion Behaviour 

 

4.2.1. Open Circuit and Potentiodynamic Polarization Measurements 

 

Al tape was used to attach steel wires to 5 mm × 5 mm plan-view sections of the AZ31B 

and AM30 alloys. The samples were individually mounted in epoxy such that only the 

plan-view surface opposite to the surface attached to the wire was left exposed (Figure 

4.3). The exposed surface was then polished up to a 1200-grit finish using SiC paper with 

an ethanol lubricant. Fast-curing epoxy was applied around the edges of the exposed sur-

face due to the noted tendency for localized corrosion to occur preferentially at the sam-

ple surface/epoxy mount interface. 

 

 

Figure 4.3: Epoxy-mounted sample with wire attached and fast-curing epoxy applied 

around the edges of the exposed surface.  
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Open circuit and potentiodynamic polarization measurements were conducted on 

the mounted samples of each alloy using a standard three-electrode configuration. The 

exposed face of the sample acted as the working electrode, while a saturated calomel 

electrode was used as the reference electrode. Two graphite rods positioned on opposite 

sides of the sample were used as the counter electrodes. The electrodes were positioned in 

a corrosion cell with a mount holder fixed to its base, shown schematically in Figure 

4.4(a). A photograph of the Uniscan Instruments Environmental TriCell™ used for this 

purpose is shown in Figure 4.4(b). This configuration was similar to that used for the lo-

calized electrochemical measurements (described in Section 4.2.2) which required the 

sample to lie in a horizontal plane. All open circuit and potentiodynamic polarization 

measurements were conducted with a Solartron 1287 potentiostat. 

 

 

Figure 4.4: (a) Schematic representation and (b) photograph of the electrode setup 

used for open circuit and potentiodynamic polarization measurements. 
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An aqueous solution of 0.05 M NaCl at a near-neutral pH was selected as the elec-

trolyte for all open circuit and potentiodynamic polarization measurements. This solution 

was selected such that corrosion filaments on each alloy initiated spontaneously within a 

convenient time period (typically between 1 to 5 h after sample immersion), with the cor-

rosion filament propagation occurring slowly enough to allow reasonably spatially-

resolved electrochemical measurements (described in Section 4.2.2). The solution was 

prepared from NaCl powder (Fisher Scientific, 99.0% min. assay) and deionized water 

naturally aerated with laboratory air at room temperature. The corrosion cell with all elec-

trodes in position was filled with approximately 800 mL of the salt solution immediately 

prior to the beginning of electrochemical measurements.  

The OCP of each alloy was measured for an immersion period of 24 h. In order to 

correlate the open circuit behaviour with the initiation and propagation of localized corro-

sion, the exposed surfaces were also monitored with a high-resolution video camera posi-

tioned directly above the corrosion cell.  

Potentiodynamic polarization measurements of each alloy were conducted after 

immersion periods of 1 h and 24 h at the open circuit condition (OCC) with the purpose 

of investigating the anodic and cathodic kinetics on each alloy surface at two different 

stages of corrosion. The polarization measurements after 1 h at the OCC characterized the 

electrochemical kinetics prior to the initiation of localized corrosion, whereas the polari-

zation measurements after 24 h at the OCC characterized the electrochemical kinetics af-

ter the alloy surfaces were significantly covered with corrosion filaments. For the 1 h po-

larization measurements, anodic and cathodic scans were completed separately using 
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freshly-prepared solutions and samples. For the 24 h polarization measurements, the an-

odic scans were completed following the cathodic scan on the same sample with an im-

mersion period of 1 h at the OCC between the two scans. The electrode potential was 

swept from the OCP to a potential of -1.75 VSCE for the cathodic scans and from the OCP 

to a potential of -1.35 VSCE for the anodic scans, each with a scan rate of 0.1667 mV/s. 

Each polarization measurement was repeated three times for each alloy using freshly-

prepared solutions and samples. 

       

4.2.2. Localized Electrochemical Measurements 

 

10 mm × 10 mm plan-view sections of the AZ31B and AM30 alloys were individually 

mounted in epoxy and polished up to a 1200-grit finish using SiC paper with an ethanol 

lubricant. Fast-curing epoxy was applied around the edges of the exposed surface to avoid 

preferential localized corrosion at the sample surface/epoxy mount interface. Each sample 

was immersed in a 0.05 M NaCl aqueous solution (prepared as described in Section 4.2.1) 

for a period of 24 h. During immersion, the evolution of spatially resolved ionic currents 

as a function of time were detected across the sample surface using SVET measurements 

taken as vectors normal to the exposed surface. For a brief explanation of the SVET, refer 

to Section 2.4.1. SVET measurements were performed using a Uniscan Instruments Mod-

el 370 Scanning Electrochemical Workstation and Environmental TriCell™. The elec-

trode setup used for this technique is shown schematically in Figure 4.5(a) and a photo-

graph of the setup is shown in Figure 4.5(b). Voltages were measured between the scan-
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ning Pt tip and a graphite ground/reference electrode. The diameter of the Pt tip was spec-

ified by the manufacturer to be in the range of 5 to 50 µm. SVET scans were completed 

on a 6 mm × 6 mm area of the sample once every 1800 s (30 min) throughout the duration 

of the 24 h exposure period. The probe outputs were measured using a series of sweeping 

line scans across the scan area with a speed of 200 µm/s with a data point collected once 

every 150 µm. 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 104, and the full 

scale sensitivity of the lock-in amplifier was set to 160 µV. 

 

 

Figure 4.5: (a) Schematic representation and (b) photograph of the electrode setup 

used for SVET measurements. 

 

In order to convert the measured voltages to ionic current density values, a cali-

bration test similar to the one outlined by Williams and McMurray [12] was completed. 

The vibrating probe was first placed inside a tube with a known inner area. Using a pol-

ished gold (Au) working electrode immersed in a 0.05 M NaCl solution, a series of set 
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currents were passed through the tube and the vibrating probe output measured for each 

current. Plots of the probe output versus current density were constructed and a linear fit 

was applied with a R2 value of 0.998. The resulting linear equation was used to convert 

the local probe outputs from each SVET scan into local ionic current densities. 

 The 24 h immersion test was repeated three times for each alloy using a freshly 

polished surface for each test. In order to relate the local ionic activity with the visual de-

velopment of localized corrosion, the exposed surfaces were monitored with a high-

resolution video camera positioned at an approximate 45° angle to the vertical during 

each test. 

 

4.3. Physical Characterization of Corroded Structures 

 

10 mm × 10 mm plan-view sections of the AZ31B and AM30 alloys were polished to a 

1200-grit finish using SiC paper with an ethanol lubricant. Two samples of each alloy 

were immersed in separate Petri dishes containing a 0.05 M NaCl aqueous solution (pre-

pared as described in Section 4.2.1). The first sample of each alloy was immersed for 3.5 

h, which allowed localized corrosion to initiate and propagate for approximately 1-2 h. 

The second sample of each alloy was immersed for 19-21 h, which provided enough time 

for the entire sample surface to be covered by corrosion products.   
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4.3.1. Cross-Sectional Transmission Electron Microscopy (TEM) 

 

A Zeiss NVision 40 FIB microscope was used to prepare thin-foil cross-sections from the 

corroded structures taken from three unique sites for each alloy. The locations of the three 

sites for AZ31B and AM30 are shown in Figure 4.6 and Figure 4.7, respectively. The first 

cross-section for each alloy was taken from an intact surface site (i.e. a site that had not 

been affected by a corrosion filament) on the sample immersed for 3.5 h. The corroded 

structures characterized from these cross-sections will be referred to as the “pre-existing 

surface films” in the following text, because they were assumed to be a derivative of the 

initial air-formed oxide films. The second cross-section for each alloy was also taken 

from the sample immersed for 3.5 h, and was taken near the head of a corrosion filament 

which was actively propagating before the sample was removed from the solution. The 

freshly formed corroded structures characterized from these cross-sections will be re-

ferred to as the “fresh corrosion filaments”. The third cross-section for each alloy was 

taken from the sample immersed for 19-21 h, and was taken from the tail of a corrosion 

filament which had been in contact with the solution for approximately 11 h after its for-

mation (determined from a high-resolution video recording). The corroded structures 

from these cross-sections will be referred to as the “aged corrosion filaments”. Note that a 

protective tungsten (W) coating was applied to each site of interest before milling with 

the FIB in order to preserve the original morphology of the corroded structures. Each 

thin-foil cross-section was deposited onto a copper (Cu) grid before being placed in the 

TEM sample chamber. 
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Figure 4.6: SEM plan view images displaying FIB cross-section locations from 

AZ31B immersed in a 0.05 M NaCl solution for (a) 3.5 h, (b) 19 h. The image in (a) is 

a back-scattered electron image and the image in (b) is a secondary electron image. 

 

 

Figure 4.7: SEM secondary electron plan view images displaying FIB cross-section 

locations from AM30 immersed in a 0.05 M NaCl solution for (a) 3.5 h, (b) 21 h. 

 

The AZ31B thin-foil cross-sections were examined using a FEI Titan 80-300 

TEM/STEM operating at 300 keV and the AM30 thin-foil cross-sections were examined 

using a JEOL 2010F TEM/STEM operating at 200 keV. Both instruments were equipped 

with an Oxford Inca silicon (lithium drifted) [Si(Li)] detector EDS and a Gatan Image 
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Filter electron energy-loss spectrometer (EELS). All TEM examinations were conducted 

using a cryogenically-cooled stage (i.e. at 95 K) in order to minimize beam-induced dam-

age of the corroded structures. The surface films were examined using bright field (BF) 

and dark field (DF) imaging along with selected area diffraction (SAD). The surface films 

were also characterized via STEM mode, with a HAADF detector utilized for imaging 

and EDS used to determine the composition of various microstructural features. EDS area 

maps and line profiles were acquired in order to identify elemental enrichment across the 

film/metal and filament/metal interfaces. Atomic compositions were also measured semi-

quantitatively using the built-in standards (also known as k-factors [77]) of the EDS soft-

ware. Low-loss EELS was used to clearly identify the metallic and non-metallic regions 

within the surface films, using the characteristic plasmon peaks for Mg [78] and 

MgO/Mg(OH)2 [79]. Microstructural features of the underlying AZ31B and AM30 base 

metals were also characterized using the same thin-foil cross-sections. 

 

4.3.2. Auger Electron Spectroscopy (AES) Depth Profiles 

 

Site-specific AES depth profiles were collected from three unique sites of the corroded 

structures on each alloy with equivalent locations and immersion durations to those de-

scribed in Section 4.3.1. The depth profiles were conducted primarily to obtain a reliable 

quantification of the proportion of O in each structure, since the collection efficiency of 

characteristic Auger electrons from light elements is superior to that of characteristic X-

rays collected in EDS analysis [78].  
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All AES depth profiles were collected using a JEOL JAMP-9500F Field Emission 

Auger Microprobe. The electron beam had an accelerating voltage of 10 keV and a cur-

rent of 40 nA, which allowed for a lateral resolution of approximately 30 nm. An Ar ion 

beam with an accelerating voltage of 3 keV was used for sputtering into the corroded 

structures. Specific energy ranges of the Auger spectra appropriate for the elements of 

interest (O, Mg, Al, Zn, Mn and Cl) were collected after each successive sputtering cycle. 

The sputtering time for each cycle was varied from 6 s to 20 s, with the lower sputtering 

time being used when approaching the surface film/metal interfaces. The Auger spectra 

were then quantified in order to determine the atomic compositions as a function of sput-

tering time into the corroded structures. 
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Chapter 5:  Results 

 

In Section 5.1 of this chapter, the open circuit and potentiodynamic polarization meas-

urements for Mg alloys AZ31B and AM30 are presented together in order to allow for a 

direct comparison of these results. The rest of the results are separated into individual sec-

tions for each alloy due to the relative complexity of their presentation. The localized 

electrochemical measurements and microstructure/corroded structure characterization re-

sults for AZ31B are presented in Section 5.2 and the respective results for AM30 are pre-

sented in Section 5.3. 

 

5.1. General Corrosion Characteristics of Mg Alloys AZ31B and AM30 

 

5.1.1. Open Circuit Measurements 

 

Plots of the OCP of each alloy as a function of immersion time in a 0.05 M NaCl solution 

are shown in Figure 5.1. For both alloys, the OCP typically increased from approximately 

-1.7 VSCE to -1.6 VSCE within the first 100 s after immersion and continually increased 

thereafter at a more gradual rate. After an immersion time typically within the range of 1-

5 h, a sudden drop of the OCP was observed. This event coincided with the initiation of a 

dark corrosion filament at a specific location of the surface and the observance of H2 
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bubbles evolving from this same location. After this initiation (i.e. breakdown) event, rel-

atively large fluctuations of the OCP were observed as the surface became increasingly 

covered by the corrosion filaments. The plots shown in Figure 5.1 were selected from the 

sample of each alloy that displayed the longest time delay prior to breakdown, in order to 

demonstrate that a stabilized OCP was never established before suddenly dropping at 

breakdown.  

 

 

Figure 5.1: Plots of the OCP of AZ31B and AM30 alloys as a function of immersion 

time in a 0.05 M NaCl solution.  

 

Prior to the initiation of corrosion filaments, slightly higher OCP values were ob-

served on the AM30 alloy than on the AZ31B alloy (at equal time periods), as seen in 

Figure 5.1. This was consistently observed during the three repeat OCP measurements on 

each alloy, with the AM30 alloy attaining an average OCP approximately 20 mV higher 

than the AZ31B alloy after 1 h of immersion (refer to Table 5.1 at the end of Section 5.1). 
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However, the average OCP value attained after 24 h of immersion was approximately 10 

mV higher on the AZ31B alloy than on the AM30B alloy (Table 5.1). The time until 

breakdown at the OCC was not determined to differ significantly between the two alloys 

(Table 5.1).  

A sequence of images of the surface of each alloy as a function of immersion time 

at the OCC is shown in Figure 5.2. These images were taken while recording the OCP 

values plotted in Figure 5.1. The surfaces of both alloys became noticeably lighter in col-

our within the first 30 min of immersion, perhaps indicative of an aqueous film growth 

corresponding to the increase of the OCP as a function of immersion time prior to break-

down. Corrosion filaments can be observed on the surfaces of both alloys following the 6 

h mark in Figure 5.2. The corrosion filaments on AZ31B tended to be congregated closer 

together than on AM30, which is attributed to the finer grain size of the AZ31B alloy. The 

corrosion filaments appeared to propagate across the surface at an equal linear rate on 

both alloys within the first couple of h following breakdown. However, after immersion 

times longer than approximately 10 h, the filament growth on the AZ31B surface was no-

ticeably more severe than on the AM30 surface. This resulted in a significantly higher 

population of corrosion filaments on the AZ31B surface at the end of the 24 h immersion 

period. It was also noted that, after forming, the corrosion filaments on both alloys be-

came noticeably lighter in colour as they aged in the solution. This could be more easily 

observed on the AM30 surface due to the lower growth rate of new filaments; for exam-

ple, the same cluster of filaments that formed on the upper-left portion of the AM30 sur-

face after 8 h appeared noticeably brighter after 20 h.   
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Figure 5.2: Surface images of AZ31B and AM30 alloys as a function of immersion 

time at the OCC in a 0.05 M NaCl solution. Images were taken while recording the 

OCP values plotted in Figure 5.1.  
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5.1.2. Potentiodynamic Polarization Measurements 

 

Representative potentiodynamic polarization curves for both alloys after 1 h of immersion 

at the OCC are presented in Figure 5.3. These measurements demonstrated the anodic and 

cathodic kinetics on the alloy surfaces prior to breakdown, since no corrosion filaments 

initiated within 1 h of immersion at the OCC. The anodic and cathodic kinetics appeared 

to be relatively similar on each alloy surface, although slightly increased cathodic kinetics 

were apparent for the AM30 alloy. However, the average cathodic current density at a po-

tential chosen within the linear portion of the cathodic curves (-1.6 VSCE) was not signifi-

cantly higher for the AM30 alloy ([81.7 ± 28.5] × 10-6 A/cm2) than for the AZ31B alloy 

([47.4 ± 15.0] × 10-6 A/cm2). The anodic polarization curves for each alloy displayed a 

breakdown potential (Eb), above which the anodic current density rapidly increased as a 

function of applied potential. The average values of Eb for the AZ31B and AM30 alloys 

were -1.417 ± 0.131 VSCE and -1.423 ± 0.043 VSCE, respectively, and therefore were not 

found to differ significantly. The average corrosion current density (icorr) was calculated 

by extrapolating the linear portion of the cathodic curves to the Ecorr of each sample. The 

average icorr values for AZ31B and AM30 with 95% confidence intervals were (12.7 ± 

5.4) × 10-6 A/cm2 and (17.6 ± 6.3) × 10-6 A/cm2, respectively, and therefore were also not 

found to be significantly different from each other. 
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Figure 5.3: Representative potentiodynamic polarization curves for AZ31B and 

AM30 recorded after 1 h at the OCC in a 0.05 M NaCl solution.  

 

Representative potentiodynamic polarization curves for both alloys following 24 h 

of immersion at the OCC are presented in Figure 5.4. The cathodic kinetics on both alloys 

appeared to increase relative to the alloys after only 1 h of immersion at the OCC. Signif-

icantly larger cathodic current densities were observed on the AZ31B surface after 24 h of 

immersion at the OCC ([158 ± 38.7] × 10-6 A/cm2) compared to after 1 h of immersion at 

the OCC ([47.4 ± 15.0] × 10-6 A/cm2). By contrast, the cathodic current densities ob-

served on the AM30 surface after 24 h of immersion at the OCC ([110 ± 35.0] × 10-6 

A/cm2) were not significantly higher than that after 1 h of immersion at the OCC ([81.7 ± 

28.5] × 10-6 A/cm2). For every anodic scan, higher anodic kinetics were apparent on the 

AZ31B surface relative to the AM30 surface after 24 h of immersion at the OCC, which 

was consistent with the higher population of corrosion filaments observed on the AZ31B 
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surface after 24 h (Figure 5.2). However, the anodic current density values were too var-

ied to make this observation statistically significant. The average icorr values for the 

AZ31B and AM30 alloys following 24 h of immersion at the OCC were (54.5 ± 22.0) × 

10-6 A/cm2 and (23.3 ± 10.4) × 10-6 A/cm2, respectively. Therefore, as was the case for the 

cathodic current densities, only the icorr for AZ31B significantly increased from 1 h to 24 

h at the OCC. 

 

 

Figure 5.4: Representative potentiodynamic polarization curves for AZ31B and 

AM30 recorded after 24 h at the OCC in a 0.05 M NaCl solution. Curves recorded 

after 1 h at the OCC (Figure 5.3) are superimposed for reference. 



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 5: Results 

51 

Table 5.1: Average corrosion parameters with 95% confidence intervals determined 

from OCP and potentiodynamic polarization measurements in a 0.05 M NaCl solu-

tion. The time until breakdown is presented as individually determined values be-

cause the confidence interval for its average was unacceptably large. 

 AZ31B  
(1 h at OCC) 

AM30  
(1 h at OCC) 

AZ31B  
(24 h at OCC) 

AM30  
(24 h at OCC) 

Final OCP 
(VSCE) 

-1.527 ± 
0.005 

-1.509 ± 
0.004 

-1.499 ± 
0.008 

-1.513 ± 
0.001  

Time until 
breakdown (h) - - 3.22, 2.44, 

4.66 
1.75, 4.95, 

2.21 

Eb (VSCE) 
-1.417 ± 

0.131 
-1.423 ± 

0.043 
- - 

icorr  
(A/cm2 × 10-6) 12.7 ± 5.4 17.6 ± 6.3 54.5 ± 22.0 23.3 ± 10.4 

ic at -1.6 VSCE 
(A/cm2 × 10-6) 

47.4 ± 15.0  81.7 ± 28.5 158 ± 38.7 110 ± 35.0 

 

5.2. Localized Corrosion of Mg Alloy AZ31B 

 

5.2.1. Localized Electrochemical Measurements  

 

Selected SVET maps recorded during immersion of the AZ31B sample in a 0.05 M NaCl 

solution are presented in Figure 5.5 as a function of immersion time. Images of the scan 

area at corresponding immersion times are also provided alongside the SVET maps. It is 

important to note that the SVET maps presented in this work are not completely time-

resolved, since the anode and cathode locations sometimes moved appreciably during the 

time required to complete one scan (approximately 25 min). In light of this, either the 
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SVET scan immediately after or prior to each indicated immersion time was selected for 

presentation based on whether the bottom half of the scan area (i.e. the first half scanned) 

or the top half (i.e. the second half scanned) was of higher interest. In addition, it was 

noted during SVET testing that the initiation of corrosion filaments generally occurred 

earlier than during the OCP measurements discussed in Section 5.1.1. This was perhaps 

due to the increased solution convection caused by the repeated scanning of the SVET 

probe, as well as the fact that the Pt tip on the probe tended to remove H2 bubbles stuck to 

the alloy surface that would have otherwise isolated parts of the surface from the solution. 

However, the morphology and linear propagation rate of the corrosion filaments follow-

ing localized breakdown did not appear to be affected by the SVET probe movement.   

For the SVET test presented in Figure 5.5, localized corrosion sites were initiated 

within the first 30 min of immersion, evidenced by local anodic peaks with evolution of 

H2 bubbles at the corresponding locations (Figure 5.5[a]). Multiple corrosion filaments 

propagated laterally from these locations towards the bottom half of the scan area, with 

anodic peaks and HE observed at the moving fronts of the corrosion filaments (Figure 

5.5[b,c]). In addition, cathodic currents could be observed in the dark areas left behind by 

the corrosion filaments (Figure 5.5[c]). After approximately 8 h of immersion, a second 

set of corrosion filaments initiated near the top of the scan area and propagated down-

wards across the areas already consumed by the first set of corrosion filaments (Figure 

5.5[d-f]). The anodic currents at the fronts of the second set of corrosion filaments and the 

cathodic currents left behind by these filaments were both noticeably larger in magnitude 

than for the first set of corrosion filaments. After approximately 17 h of immersion, a 
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third set of corrosion filaments initiated near the top of the scan area and again propagat-

ed across the areas already consumed by prior filaments (Figure 5.5[g,h]). 

  

 

Figure 5.5: Selected SVET plots and scan area images of the AZ31B sample at vari-

ous times after immersion in a 0.05 M NaCl solution. Note that the streak of light 

sometimes visible on the right half of the scan area images was caused by the reflec-

tion of the SVET probe on the alloy surface. 
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 In order to demonstrate cathodic current variations of a specific region of the alloy 

surface as a function of immersion time, the average magnitudes of the anodic and ca-

thodic current densities within a 0.6 mm × 0.6 mm area outlined by the small squares in 

the scan area images of Figure 5.5 are shown in Figure 5.6. It can be seen that after the 

first pass of filaments (indicated by the large average anodic current densities) from ap-

proximately 0-4 h this area became dominated by cathodic currents with relatively stable 

magnitudes with respect to time. After the second pass of filaments from approximately 

10-12 h, comparatively larger cathodic currents dominated this area until a third set of 

filaments passed across the area.  

       

 

Figure 5.6: Average current density values within the area outlined by the small 

squares in the scan area images in Figure 5.5. 

 

 In order to estimate the magnitudes of localized anodic and cathodic currents de-

veloped across the entire scan area as a function of immersion time, the individual current 
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densities for each SVET map were integrated according to the following equations as per 

Williams and McMurray [12]:  

 

 ( , )
0 0

[ 0]  t

Y X

a z x yI i dxdy   (5.1) 

  ( , )
0 0

[ 0]  t

Y X

c z x yI i dxdy  (5.2) 

 

where 
taI  and 

tcI  are the total anodic and cathodic currents detected across the scan ar-

ea, X and Y are the dimensions of the scan area and ( , )z x yi  corresponds to each individual 

SVET-measured current density. This resulted in plots of integrated current representing 

the total localized current detected with SVET versus immersion time as shown in Figure 

5.7. The anodic currents in these plots should ideally be equal to the cathodic currents at 

each time in order to satisfy the conservation of charge. Deviations of the respective cur-

rents likely resulted from the limited spatial resolution of the SVET measurements as well 

as the fact that the SVET scan area did not encompass the entire exposed sample area. 

Nevertheless, it can be observed in Figure 5.7 that the general increase in integrated anod-

ic current as a function of time was accompanied by a general increase in integrated ca-

thodic current. This trend was consistent across the three 24 h immersion tests of freshly-

polished alloy surfaces. In order to test if grain size had an effect on the localized anodic 

and cathodic kinetics, an SVET experiment of a coarse-grained AZ31B sample obtained 

by removing approximately 100 µm of material from the top surface of a plan-view sec-
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tion (refer to Figure 4.1[a] for the coarse grain structure) was also carried out. As shown 

in Figure 5.8, the integrated anodic and cathodic kinetics on the coarse-grained sample as 

a function of immersion time appeared similar in magnitude to those in Figure 5.7.        

          

 

Figure 5.7: Integrated currents across the SVET scan area for AZ31B as a function 

of immersion time in a 0.05 M NaCl solution. Each plot was derived from a separate 

24 h immersion test of a freshly polished alloy surface. The first plot was derived 

from the same test as Figure 5.5 and Figure 5.6. 

 

 

Figure 5.8: Integrated currents across the SVET scan area for a coarse-grained 

AZ31B sample as a function of immersion time in a 0.05 M NaCl solution.    

 



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 5: Results 

57 

5.2.2. Microstructure / Corroded Structure Characterization 

 

5.2.2.1. AZ31B Microstructure 

The AZ31B microstructure observed from the FIB-prepared thin-foil cross-sections con-

tained fine round particles with an average diameter ( D ) of 12.7 ± 4.3 nm (Figure 

5.9[a,b]). The volumetric number density (NV) of the fine particles was estimated to be 

6500 per µm3 of metal, which was determined by measuring the average planimetric 

number density (NA) of fine particles in five separate TEM micrographs and applying the 

following equation [80]: 

 

 v AN N D  (5.3)  

 

Coarse particles with sizes on the order of microns were also scarcely observed in the 

AZ31B microstructure (Figure 5.9[a]), which likely corresponded to the particles ob-

served with SEM imaging (Figure 4.1[d]). EDS spot analyses of the matrix phase and par-

ticles revealed that both types of particles (fine and coarse) were enriched with Al and Mn 

(Figure 5.9[c,d]). At least six spot analyses were completed in each of the matrix phase 

and individual fine and coarse particles, with all of the results proving to be consistent 

with Figure 5.9(c,d). The Mg and Zn peaks in the EDS spectra for the fine and coarse par-

ticles were assumed to originate from the surrounding matrix phase since the EDS inter-

action volume was not solely confined to the targeted particles. Also, the Cu peaks in 
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these spectra and all spectra hereafter originated from the TEM sample grid and should 

not be interpreted as originating from the thin-foil cross-sections themselves. None of the 

analyzed particles were identified as the β-Mg17Al12 phase. 

 

 

Figure 5.9: (a) HAADF-STEM image of fine and coarse-sized particles found in the 

AZ31B microstructure, (b) high-magnification HAADF-STEM image of the fine-

sized particles, (c) typical EDS spectra from matrix phase, fine particles and coarse 

particles, (d) EDS spectra from (c) magnified to display Zn peaks. 

 

EDS quantification was performed on six particles of each type (fine and coarse) 

and the Al:Mn atomic ratios were calculated from these measurements (Table 5.2). The 
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Al:Mn atomic ratios were overestimated in the original quantification results because the 

surrounding matrix, which contained Al in solid solution, was included in the EDS inter-

action volume. In order to determine a more realistic Al:Mn ratio for the particles, the Mg 

signal detected from the EDS measurement was assumed to originate entirely from the 

matrix. Thus, a portion of the quantified at.% of Al corresponding to the quantified at.% 

of Mg from the EDS measurement was subtracted in the same proportions as the Al pre-

sent in the matrix (i.e. ~2.5 at.% Al, obtained via EDS quantification of the matrix, which 

translates into Al:Mg = 0.0256). The corrected Al:Mn ratio was calculated after this ad-

justment was applied. The mean Al:Mn atomic ratios for the fine and coarse particles 

were 2.53 +/- 0.58 and 2.69 +/- 0.32, respectively, which were both significantly higher 

than the maximum range of 1.1 to 1.8 which would be expected of the thermodynamically 

stable Al8Mn5 phase at 650°C or below [81]. Rather, these corresponded more closely to 

the ratio of 2.75 expected for the stoichiometric Al11Mn4 phase [81]. Nevertheless, these 

particles will simply be referred to as Al-Mn particles in the below text. 

 
Table 5.2: Corrected atomic ratios calculated from EDS quantification of Al-Mn 

particles in the AZ31B microstructure. 

Fine Al-Mn Particles Coarse Al-Mn Particles 
Particle # Al:Mn atomic ratio Particle # Al:Mn atomic ratio 

1 2.68 1 2.64 
2 2.10 2 2.70 
3 2.83 3 2.96 
4 2.09 4 2.64 
5 3.42 5 2.10 
6 2.07 6 3.09 

Mean  
(95% Confidence) 2.53 (+/- 0.58) Mean 

(95% Confidence) 2.69 (+/- 0.32) 

 



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 5: Results 

60 

5.2.2.2. Pre-existing Surface Film  

A BF-TEM image of the pre-existing surface film (i.e. an intact surface not affected by a 

corrosion filament) is shown in Figure 5.10(a). The variations in contrast observed 

throughout the film were indicative of its porous morphology. The thickness of the film 

varied significantly along the length of the thin-foil cross-section, ranging from approxi-

mately 50 to 120 nm and with an average thickness of 84 ± 5 nm. The SAD pattern of the 

pre-existing film is shown in Figure 5.10(b). The spots in the diffraction pattern were in-

dexed as hexagonal close packed (HCP) Mg, which were present because the SAD collec-

tion area included both the film and the underlying AZ31B metal. The relatively broad 

diffraction rings matched well with the cubic MgO (200) and (220) rings, which suggest-

ed that the pre-existing film consisted of nanocrystalline MgO. A DF-TEM image collect-

ed from the diffraction rings of the SAD pattern caused the pre-existing film to appear 

brighter (Figure 5.10[c]). In the same DF-TEM image, crystallites of MgO on the under-

lying AZ31B metal are also highlighted. The MgO SAD signal, therefore, originated from 

both the pre-existing surface film and the MgO layer formed on the FIB-prepared cross-

section. A second DF-TEM image, collected from one of the Mg (1103)  diffraction spots, 

caused a thin, elongated grain at the metal surface to appear brighter (Figure 5.10[d]). 

This is consistent with the presence of multiple Mg zone axes that were observed in the 

SAD pattern (Figure 5.10[b]). 
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Figure 5.10: (a) BF-TEM image of the pre-existing surface film on AZ31B in cross-

section after immersion in a 0.05 M NaCl solution for 3.5 h, (b) SAD pattern collect-

ed from the area in (a) (collection area was larger than the imaged area); the diffrac-

tion spots were indexed to the (1103)  and (1230)  planes of HCP Mg while the dif-

fraction rings were indexed to the (200) and (220) planes of cubic MgO, (c) (d) DF-

TEM images of the pre-existing surface film obtained from the corresponding 

marked areas in (b). 
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The pre-existing surface film imaged with HAADF-STEM is shown in Figure 

5.11. The fine Al-Mn particles present in the AZ31B metal (Figure 5.9) were also ob-

served within the pre-existing surface film (Figure 5.11[a]). EDS point identification re-

vealed a Zn peak at the film/metal interface (Figure 5.11 [b,c]) that was more intense than 

for the alloy matrix phase (Figure 5.9[d]). EDS maps confirmed an enrichment of Zn at 

the pre-existing film/metal interface (Figure 5.12). A line profile traversing across the in-

terface was extracted from the EDS maps and the elemental intensities were converted 

semi-quantitatively to atomic percentages. The line profile for Zn indicated that its atomic 

concentration approximately doubled at the interface relative to the alloy matrix and film. 

The EDS maps also indicated that Al and Cl were present in the pre-existing film. Note 

that the quantification of the proportion of O from EDS quantification was considered to 

be unreliable due to the generally poor collection efficiency of elements with atomic 

numbers less than 11 [82].  
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Figure 5.11: (a) HAADF-STEM image of the pre-existing surface film on AZ31B in 

cross-section revealing the presence of fine Al-Mn particles (note that the dark holes 

in the film and metal were artifacts caused by the Ga ions used for FIB milling) (b) 

HAADF-STEM image of the pre-existing surface film in cross-section, (c) EDS point 

identification spectrum from the location marked in (b), magnified to display the Zn 

peak. 
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Figure 5.12: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the pre-existing film/metal interface on AZ31B. The line profile was 

summed across ten adjacent lines of pixels located between the marked outer lines. 

 

The AES depth profile through the pre-existing surface film (Figure 5.13) re-

vealed an O:Mg atomic ratio very close to 2:1, which was indicative of a Mg(OH)2 corro-

sion product and contradicted the SAD result indicating a MgO crystal structure (Figure 

5.10[b]). The AES depth profile also provided further evidence that the pre-existing film 

contained Al and also showed a higher Al concentration at the top surface of the film. 
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However, the Zn-enrichment detected with EDS at the pre-existing film/metal interface 

(Figure 5.12) was not revealed by the AES depth profile, perhaps because it was de-

stroyed by the sputtering process. 

 

 

Figure 5.13: AES depth profile through the pre-existing surface film on AZ31B. 

 

5.2.2.3. Freshly Formed Corrosion Filament 

A SEM image of a fresh corrosion filament, taken before preparing the thin foil cross-

section, is displayed in Figure 5.14. Several cracks were present throughout the corrosion 

filament. A HAADF-STEM image displaying the entire width of the fresh corrosion fila-

ment thin foil cross-section is shown in Figure 5.15(a). The majority of the filament/metal 

interface was quite diffuse and not easily discernible, and is roughly outlined in the image 

with a dashed line. The interface location was estimated using a combination of EDS and 

EELS mapping collected from various sites along the interface. The maximum depth of 
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the filament was approximately 5 μm. A portion of the filament imaged using BF-TEM is 

shown in Figure 5.15(b). Several through-thickness cracks in the filament were distin-

guished by bright areas in this image where electrons could freely pass through the thin 

foil specimen. However, some portion of the cracks were filled by the protective W coat-

ing and as such appeared dark in the BF-TEM image. The broad diffraction rings in the 

SAD pattern collected from the fresh corrosion filament (Figure 5.15[c]) were matched to 

cubic MgO (200) and (220), as was the case for the pre-existing surface film, suggesting 

that the filament also consisted of a nanocrystalline MgO structure. 

 

 

Figure 5.14: Secondary electron SEM image displaying plan view filament morphol-

ogy on AZ31B immersed in a 0.05 M NaCl solution for 3.5 h. 
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Figure 5.15: (a) HAADF-STEM image of the fresh corrosion filament on AZ31B in 

cross-section (freshly formed in a 0.05 M NaCl solution); the approximate fila-

ment/metal interface is marked with a dashed line, (b) BF-TEM image of the fresh 
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corrosion filament in cross-section, (c) SAD pattern collected from the marked area 

in (b); the diffraction rings were indexed to the (200) and (220) planes of cubic MgO, 

(d) higher magnification BF-TEM image of the fresh corrosion filament and overly-

ing pre-existing surface film, (e) SAD pattern from the area marked in (d); the dif-

fraction rings were indexed to the (111) and (220) planes of cubic MgO. 

 

A separate, thin layer that had the same thickness and appearance as the pre-

existing surface film was visible on top of the fresh corrosion filament (Figure 5.15[d]). 

Due to the small thickness of this layer, the SAD collection area shown in Figure 5.15(d) 

also contained a significant signal from the underlying filament. However, the resulting 

SAD pattern (Figure 5.15[e]) contained no diffraction rings or spots corresponding to 

phases other than cubic MgO, suggesting that this layer had the same MgO crystal struc-

ture as the underlying filament and pre-existing surface film. From this, it appears that the 

corrosion filament undercut and tunneled beneath the pre-existing surface film as it prop-

agated across the metal surface. Figure 5.15(d) also allows for a direct comparison of the 

morphologies of the pre-existing surface film and fresh corrosion filament. With the ex-

ception of the cracks, the darker and relatively uniform contrast of the corrosion filament 

indicates that it contained denser corrosion products than the relatively porous pre-

existing surface film. 

 A higher magnification HAADF-STEM image revealed the presence of both fine 

and coarse Al-Mn particles embedded in the fresh corrosion filament (Figure 5.16[a]). 

EDS spot analyses of both types of particles produced results consistent with those in 
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Figure 5.9(c). The fine particles were generally more difficult to resolve within the corro-

sion filament than within the metal and, thus, there may have been additional unresolved 

particles within the filament. The pre-existing surface film/fresh corrosion filament 

(Figure 5.16[a]) and fresh corrosion filament/metal (Figure 5.16[b]) interfaces were tar-

geted with EDS point analysis measurements in order to determine if there was any en-

richment of Zn at these locations, as was the case for the pre-existing film/metal interface. 

The spectra revealed no Zn peak at the pre-existing surface film/fresh corrosion filament 

interface and a Zn peak at the fresh corrosion filament/metal interface (Figure 5.16[c]). 

Two additional EDS point identification measurements at each of these interfaces yielded 

the same results. The Zn EDS map across the fresh corrosion filament/metal interface ar-

guably showed a minor enrichment of Zn at the interface, underneath a region apparently 

depleted in Zn (Figure 5.17). The extracted line profile confirmed that the Zn atomic con-

centration approximately doubled at the interface relative to the alloy matrix and filament. 

Similarly to the pre-existing surface film, the EDS maps showed that Al and Cl were pre-

sent in the fresh corrosion filament. 
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Figure 5.16: (a) Higher magnification HAADF-STEM image of the fresh corrosion 

filament on AZ31B in cross-section revealing the presence of fine and coarse Al-Mn 

particles, (b) higher magnification HAADF-STEM image of the fresh corrosion fil-

ament and overlying pre-existing surface film, (c) EDS point identification spectra 

from the locations marked in (a) and (b), magnified to display the Zn peak location. 
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Figure 5.17: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the fresh corrosion filament/metal interface on AZ31B. The line profile 

was summed across ten adjacent lines of pixels located between the marked outer 

lines. 

 

The AES depth profile through the fresh corrosion filament (Figure 5.18) revealed 

an O:Mg atomic ratio close to 1:1, indicative of a corrosion product composed primarily 

of MgO. However, the fact that the atomic concentration of O was slightly higher than 

Mg suggested that the corrosion products were hydrated to a certain extent. The depth 
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profile also appeared to show that, opposite to the pre-existing surface film, the top por-

tion of the fresh corrosion filament was depleted in Al. It should be noted here that the 

thicknesses of all analyzed corrosion filaments prevented complete sputtering through to 

the underlying metal during depth profiling. 

 

 

Figure 5.18: AES depth profile through the fresh corrosion filament on AZ31B. Note 

that the filament thickness (greater than 1 µm) prevented complete sputtering 

through to the underlying metal. 

 

5.2.2.4. Aged Corrosion Filament 

A HAADF-STEM image displaying the entire width of the aged corrosion filament thin 

foil cross-section is shown in Figure 5.19(a). The aged corrosion filament had a maximum 

thickness of approximately 3 μm; however, because this filament was not the same one as 

the fresh corrosion filament, the relative thicknesses of each filament were not regarded 
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as significant. One through-thickness crack was visible, along with ruptured horizontal 

bands containing columnar features. A portion of the sample imaged using BF-TEM is 

shown in Figure 5.19(b). The broad diffraction rings in the SAD pattern collected in Fig-

ure 5.19(c) were matched to cubic MgO (111), (200) and (220), suggesting that this aged 

corrosion filament also consisted of nanocrystalline MgO. 
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Figure 5.19: (a) HAADF-STEM image of the aged corrosion filament on AZ31B in 

cross-section (aging time of approximately 11 h in a 0.05 M NaCl solution), (b) BF-

TEM image of the aged corrosion filament in cross-section, (c) SAD pattern collected 

from the marked area in (b); the diffraction rings were indexed to the (111), (200) 

and (220) planes of cubic MgO. 

 

 Higher magnification HAADF-STEM imaging revealed the presence of fine Al-

Mn particles within the aged corrosion filament (Figure 5.20[a]): their identities were 

again confirmed with EDS measurements. At the aged corrosion filament/metal interface 
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a distinct brighter layer was observed (Figure 5.20[b]). An EDS point identification 

measurement confirmed that this layer was enriched with Zn (Figure 5.20[c]). The Zn 

peaks in this spectrum were much stronger relative to the Zn peaks observed in the EDS 

spectra taken at the pre-existing surface film/metal interface (Figure 5.11[c]) and fresh 

corrosion filament/metal interface (Figure 5.16[c]) indicating that the concentration of Zn 

at the filament/metal interface increased as the filament aged. The EDS map and extracted 

line profile further confirmed the Zn-enrichment at the interface and showed that its 

atomic concentration increased by a factor of approximately six relative to the alloy ma-

trix and filament (Figure 5.21). Figure 5.21 also displayed, once again, that Al and Cl 

were present in the aged corrosion filament. In order display the elemental distribution 

through the majority of the aged filament thickness, an additional line profile is shown in 

Figure 5.22. Interestingly, a noticeable drop in the Zn concentration could be observed in 

the filament within approximately 150 µm of the filament/metal interface, suggesting that 

Zn was rejected from the filament into the metal as the filament aged. 
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Figure 5.20: (a) Higher magnification HAADF-STEM image of the aged corrosion 

filament on AZ31B in cross-section revealing the presence of fine Al-Mn particles 

and the overlying pre-existing surface film, (b) Higher magnification HAADF-

STEM image of the aged corrosion filament in cross-section revealing a visible Zn-

enriched layer, (c) EDS point identification spectrum from the location marked in 

(b), magnified to display the Zn peak. 
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Figure 5.21: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the aged corrosion filament/metal interface on AZ31B. The line profile 

was summed across ten adjacent lines of pixels located between the marked outer 

lines. 
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Figure 5.22: Additional line profile displaying O, Mg, Al, Zn, Mn and Cl distribution 

through the aged corrosion filament and across the filament/metal interface. The 

line profile was summed across ten adjacent lines of pixels located between the 

marked outer lines. 

 

 In order to better understand the atomic bonding within the observed Zn-enriched 

layer, a low-loss EELS spectrum image was taken across the aged corrosion fila-

ment/metal interface (Figure 5.23 inset). Representative EELS spectra from the Zn-

enriched layer (spectrum 1), filament (spectrum 2) and metal (spectrum 3) are shown in 

Figure 5.23. The spectrum (spectrum 1) taken from the Zn-enriched layer displayed a rel-

atively sharp peak centred at 11.25 eV, confirming that the Zn-enriched layer was metal-

lic. The peak detected from the Zn-enriched layer was slightly shifted and less sharp than 

that detected from the underlying metal (spectrum 2), the latter of which was centred at 

10.60 eV and thus consistent with bulk Mg [78]. The peak expected for bulk Zn is 14 eV 

and is significantly broader than that of bulk Mg [83], which explains the change in shape 

and position of the metallic peak from the Zn-enriched layer. However, the position shift 
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of only 0.65 eV from that of bulk Mg indicated that the Zn-enriched layer was still an 

Mg-based phase albeit with a significant enrichment of Zn in solid solution. 

 

 

Figure 5.23: Representative low-loss EELS spectra at the aged corrosion fila-

ment/metal interface on AZ31B: (1) spectrum corresponding exactly to the Zn-

enriched layer (area marked in the inset image, sum of 4 pixels in the spectrum im-

age), (2) spectrum corresponding to one pixel above from the interface (filament), 

and (3) spectrum corresponding to one pixel below the interface (metal). The peak at 

location (1) is centered at 11.25 eV with FWHM of 3.75 eV and the Mg plasmon ob-

served in spectrum (3) is centered at 10.60 eV with FWHM of 2.04 eV. Note that the 

intensity of spectrum 1 was multiplied by a factor of 3 to allow for easier comparison 

to spectrum 3. 

 

 The AES depth profile through the aged corrosion filament (Figure 5.24) revealed 

an O:Mg atomic ratio appreciably higher than for the fresh corrosion filament, yet still 
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below a 2:1 ratio. This suggested again that the aged corrosion filament was composed of 

a mixture of MgO and Mg(OH)2, yet the degree of hydration presumably increased as a 

result of aging in the solution. Interestingly, the depth profile also appeared to show that 

the top surface of the fresh corrosion filament was enriched with Al, which was similar to 

the pre-existing film and opposite to the fresh corrosion filament. 

 

 

Figure 5.24: AES depth profile through the aged corrosion filament on AZ31B. Note 

that the filament thickness (greater than 1 µm) prevented complete sputtering 

through to the underlying metal. 
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5.3. Localized Corrosion of Mg AM30 

 

5.3.1. Localized Electrochemical Measurements 

 

Selected SVET plots and corresponding scan area images of the AM30 alloy are present-

ed in Figure 5.25 as a function of immersion time. Similarly to the AZ31B alloy, localized 

corrosion sites evidenced by local anodic peaks and HE were initiated within the first 30 

min of immersion (Figure 5.25[a]). Multiple corrosion filaments propagated laterally 

from these locations towards the bottom-left of the scan area, with anodic peaks and HE 

observed at the moving fronts of the corrosion filaments and cathodic currents observed 

in the dark areas left behind (Figure 5.25[b,c]). However, unlike for the AZ31B alloy, ca-

thodic currents were also detected in the lower area of the scan area not yet consumed by 

the corrosion filaments, albeit with lower magnitudes than the upper areas that were al-

ready consumed by the filaments (Figure 5.25[b]). Additionally, the cathodic currents de-

tected above the corrosion filaments appeared to diminish in magnitude with continued 

immersion time (Figure 5.25[d]). Additional corrosion filaments continued to propagate 

across the remainder of the alloy surface after 8 h of immersion, but the cathodic currents 

left behind continued to diminish in magnitude (Figure 5.25[e-h]), which appeared to 

cause less sustained growth of the filaments when compared to the AZ31B alloy. 
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Figure 5.25: Selected SVET plots and scan area images of the AM30 sample at vari-

ous times after immersion in a 0.05 M NaCl solution. Note that the streak of light 

sometimes visible on the right half of the scan area images was caused by the reflec-

tion of the SVET probe on the alloy surface.  

 

The average magnitudes of the anodic and cathodic current densities within a 0.6 

mm × 0.6 mm area outlined by the small squares in Figure 5.25 are shown in Figure 5.26. 
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The diminishment of cathodic current as a function of immersion time following the pass-

ing of a set of corrosion filaments can be clearly observed between the 1 h and 5 h marks 

in this figure. Additionally, unlike for the AZ31B alloy, repeated passes of corrosion fila-

ments near or within this area did not result in appreciably larger cathodic currents left 

behind in their wakes. 

 

 

Figure 5.26: Average current density values within the area outlined by the small 

squares in the scan area images in Figure 5.25. 

 

Plots of integrated current measured across the whole scan area for AM30 versus 

immersion time are shown in Figure 5.27. For all three of the repeat 24 h immersion tests, 

it was clear that both the integrated anodic and cathodic currents detected by SVET were 

relatively stable with respect to immersion time, which was in contrast with the increasing 

currents observed on the AZ31B alloy (Figure 5.7, Figure 5.8). 
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Figure 5.27: Integrated currents across the SVET scan area for AM30 as a function 

of immersion time in a 0.05 M NaCl solution. Each plot was derived from a separate 

24 h immersion test of a freshly polished alloy surface. The first plot was derived 

from the same test as Figure 5.25 and Figure 5.26.     

 

5.3.2. Microstructure/Corroded Structure Characterization 

 

5.3.2.1. AM30 Microstructure 

Unlike the AZ31B alloy, the AM30 microstructure observed from the FIB-prepared thin-

foil cross-sections appeared to contain particles having only a single size range, ranging 

from a few tens to a few hundreds of nanometers (Figure 5.28[a,b]). However, it is noted 

that coarse particles with sizes on the order of microns were observed from SEM imaging 

of the AM30 alloy (Figure 4.2[d]). The fine particles in the thin-foil cross-sections had a 

round shape and some of them were elongated to varying degrees (Figure 5.28[a,b]). The 

average diameter of the fine particles (assuming perfect spherical shapes) was 27.1 ± 3.0 

nm, and their estimated volumetric number density was 800 per µm3 of metal. EDS spot 
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analyses of the matrix phase and particles revealed that every analyzed particle was en-

riched with Al and Mn (Figure 5.28[c]) and a SAD pattern collected from one of the larg-

er particles (Figure 5.28[d]) was indexed to the crystal structure for Al8Mn5. EDS quanti-

fication performed on six individual particles after applying the correction adjustment de-

scribed in Section 5.2.2.1 revealed a mean Al:Mn ratio of 1.33 (Table 5.3), which was 

within the thermodynamically stable range of Al8Mn5 [81].  No evidence was found for 

the presence of the β-Mg17Al12 phase, as was the case for the AZ31B microstructure.  

 

 

Figure 5.28: (a) (b) HAADF-STEM images of particles found in the AM30 micro-

structure, (c) typical EDS spectra from the matrix phase and particles, (d) SAD pat-

tern obtained from a relatively large particle. 
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Table 5.3: Corrected atomic ratios calculated from EDS quantification of Al-Mn 

particles in the AM30 microstructure. 

Particle # Al:Mn atomic ratio 
1 1.25 
2 1.31 
3 1.48 
4 1.46 
5 0.79 
6 1.69 

Mean  
(95% Confidence) 1.33 (+/- 0.30) 

 

5.3.2.2. Pre-existing Surface Film  

A BF-TEM image of the pre-existing surface film formed on the AM30 alloy is shown in 

Figure 5.29(a). The variations in observed contrast indicated a porous morphology. The 

thickness of the film varied from approximately 70 to 160 nm, with an average thickness 

of 106 ± 5 nm. The diffraction rings in the SAD pattern collected from the pre-existing 

film (Figure 5.29[b]) were indexed to cubic MgO (200) and (220), suggesting that the 

pre-existing film consisted of nanocrystalline MgO.  
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Figure 5.29: (a) BF-TEM image of the pre-existing surface film on AM30 in cross-

section after immersion in a 0.05 M NaCl solution for 3.5 h, (b) SAD pattern collect-

ed from the area indicated in (a); the diffraction rings were indexed to the (200) and 

(220) planes of cubic MgO. 

 

The pre-existing surface film imaged with HAADF-STEM revealed the presence 

of Al-Mn particles embedded within the film (Figure 5.30[a]). EDS point identification 

revealed a relatively intense Al peak at the pre-existing film/metal interface (Figure 5.30 

[b,c]), and EDS mapping demonstrated that the entire analyzed interface was enriched 

with Al (Figure 5.31). The extracted line profile across the interface indicated that the Al 

atomic concentration was 2-4 times higher at the interface than in the alloy matrix or film. 

Therefore, when considering the results of the AZ31B pre-existing film (Figure 5.12), it 

appears that the absence of Zn in the metal matrix was required to allow for Al to become 

enriched at the film/metal interface. The presence of Al and Cl in the pre-existing film, as 

was observed in the pre-existing film on AZ31B, should also be noted. 
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Figure 5.30: (a) HAADF-STEM image of the pre-existing surface film on AM30 in 

cross-section revealing the presence of fine Al-Mn particles, (b) Higher magnifica-

tion HAADF-STEM image of the pre-existing surface film, (c) EDS point identifica-

tion spectrum from the location marked in (b). 
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Figure 5.31: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the pre-existing film/metal interface on AM30. The line profile was 

summed across ten adjacent lines of pixels located between the marked outer lines. 

 

The AES depth profile through the pre-existing surface film (Figure 5.32) revealed 

an O:Mg atomic ratio very close to 2:1. Therefore, similarly to the pre-existing film on 

the AZ31B alloy, SAD (Figure 5.29[b]) suggested a corrosion product composed of MgO 

while the AES depth profile instead suggested a Mg(OH)2 corrosion product. The AES 

depth profile did not definitively reveal the enrichment of Al at the interface that was 

shown with EDS mapping, which as mentioned for the AZ31B pre-existing film could 
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perhaps be due to the enriched region being destroyed by the sputtering process. Howev-

er, the top surface of the film was shown to contain a higher concentration of Al than the 

rest of the film thickness, as was the case for the pre-existing film on the AZ31B alloy. 

 

 

Figure 5.32: AES depth profile through the pre-existing surface film on AM30. 

 

5.3.2.3. Freshly Formed Corrosion Filament 

BF-TEM images of the fresh corrosion filament thin foil cross-section are shown in Fig-

ure 5.33(a,b). The maximum depth of the filament was approximately 2 μm. The filament 

contained several cracks and was found to lie underneath the more porous pre-existing 

surface film, consistent with the filaments formed on AZ31B. Horizontal bands of pores 

also appeared to be present throughout the filament. The diffraction rings in the SAD pat-

tern collected from the fresh corrosion filament and overlying pre-existing surface film 

(Figure 5.33[c,d]) were again matched to cubic MgO. 
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Figure 5.33: (a) BF-TEM image of the fresh corrosion filament on AM30 in cross-

section (freshly formed in a 0.05 M NaCl solution), (b) higher magnification BF-

TEM image of the fresh corrosion filament and overlying pre-existing surface film, 

(c) (d) SAD patterns collected from the marked areas in (b); the diffraction rings in 

(c) and (d) were indexed to the (220)/(200) and (220)/(200)/(111) planes of cubic 

MgO, respectively. 

 

HAADF-STEM imaging (Figure 5.34[a]) revealed the presence of Al-Mn particles 

in the fresh corrosion filament, which was again consistent with the filaments on AZ31B. 

The fresh corrosion filament/metal interface was targeted with EDS point analysis (Figure 

5.34[b]) and EDS mapping (Figure 5.35) in an attempt to detect similar Al enrichment as 

was found at the pre-existing film/metal interface. However, an increased Al signal was 
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not observed after repeated EDS point and map analyses. The Al EDS map in Figure 5.35 

showed the presence of Al and Cl within the fresh corrosion filament, consistent with the 

filaments analyzed on the AZ31B alloy.  

 

 

Figure 5.34: (a) Higher magnification HAADF-STEM image of the fresh corrosion 

filament on AM30 in cross-section revealing the presence of fine Al-Mn particles, (b) 

EDS point identification spectra from the location marked in (a). 
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Figure 5.35: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the fresh corrosion filament/metal interface on AM30. The line profile 

was summed across ten adjacent lines of pixels located between the marked outer 

lines. 

 

The AES depth profile through the fresh corrosion filament (Figure 5.36) was 

nearly identical to that of the AZ31B fresh corrosion filament (Figure 5.18), where the 

O:Mg atomic ratio was closer to 1:1 than 2:1 and the top portion of the filament was de-

pleted in Al. 
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Figure 5.36: AES depth profile through the fresh corrosion filament on AM30. Note 

that the filament thickness (greater than 1 µm) prevented complete sputtering 

through to the underlying metal. 

 

5.3.2.4. Aged Corrosion Filament 

BF-TEM images of the aged corrosion filament thin foil cross-section are shown in Fig-

ure 5.37(a,b). The aged corrosion filament had a maximum thickness of approximately 3 

μm, but it should be noted again here that this filament was not the same one as the fresh 

corrosion filament and thus their relative thicknesses were not regarded as significant. 

Two through-thickness cracks were visible in the filament along with some ruptured 

bands containing columnar features; however, the brighter contrast of the overlying pre-

existing film indicated that the corrosion filament had a comparatively dense structure, as 

was the case for each examined filament described previously. The diffraction rings in the 

SAD patterns collected from the overlying pre-existing surface film (Figure 5.37[c]) and 
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filament (Figure 5.37[d]) were matched to cubic MgO, suggesting again that they consist-

ed of nanocrystalline MgO. However, diffraction spots characteristic of Mg(OH)2 were 

also observed in the SAD pattern collected from the ruptured columnar feature located at 

the overlying pre-existing film. 

 

 

Figure 5.37: (a) BF-TEM image of the aged corrosion filament on AM30 in cross-

section (aging time of approximately 11 h in a 0.05 M NaCl solution), (b) higher 

magnification BF-TEM image of the aged corrosion filament and overlying pre-

existing surface film, (c) (d) SAD patterns collected from the marked areas in (b); 

the diffraction rings in (c) and (d) were indexed to the (220)/(200) and 

(220)/(200)/(111) planes of cubic MgO, respectively. The diffraction spots in (c) were 

indexed to the (001) and (101) reflections of Mg(OH)2.   



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 5: Results 

96 

 HAADF-STEM imaging revealed the presence of Al-Mn particles within the aged 

corrosion filament (Figure 5.38[a]). A brighter layer appeared to be present at the aged 

corrosion filament/metal interface (Figure 5.38[b]) and EDS point identification revealed 

an Al signal (Figure 5.38[c]) with increased intensity relative to the matrix phase (Figure 

5.28). The EDS map and extracted line profile (Figure 5.39) confirmed that Al was en-

riched to a degree along the interface; however, the quantified concentration here was not 

as high as what was observed at the pre-existing film/metal interface (Figure 5.31). The 

concentration of Al at the interface relative to the filament and bulk metal also appeared 

relatively minor when compared to the Zn enrichment observed at the aged corrosion fil-

ament/metal interface on the AZ31B alloy (Figure 5.21). Three additional EDS maps en-

compassing the aged corrosion filament/metal interface on AM30 demonstrated an equal 

or lower level of Al enrichment along the interface. Finally, the general presence of Al 

and Cl in the bulk of the aged corrosion filament displayed by the EDS maps should once 

again be noted. 
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Figure 5.38: (a) HAADF-STEM image of the aged corrosion filament on AM30 in 

cross-section revealing the presence of Al-Mn particles (b) Higher magnification 

HAADF-STEM image of the aged corrosion filament revealing a brighter layer at 

the filament/metal interface, (c) EDS point identification spectrum from the location 

marked in (b). 
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Figure 5.39: EDS maps and line profile displaying O, Mg, Al, Zn, Mn and Cl distri-

bution across the aged corrosion filament/metal interface on AM30. The line profile 

was summed across ten adjacent lines of pixels located between the marked outer 

lines. 

  

 The AES depth profile through the aged corrosion filament (Figure 5.40) proved 

again to be similar to that of the AZ31B alloy (Figure 5.24), where the O:Mg atomic ratio 

was appreciably higher than for the fresh corrosion filament, and therefore suggested a 

higher degree of hydration. The top surface of the aged corrosion filament appeared to be 
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enriched with Al, which was also consistent with the aged corrosion filament on the 

AZ31B alloy. 

 

 

Figure 5.40: AES depth profile through the aged corrosion filament on AM30. Note 

that the filament thickness (greater than 1 µm) prevented complete sputtering 

through to the underlying metal. 
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Chapter 6:  Discussion 

 

The first three sections in this chapter will discuss the electrochemical behaviour (Section 

6.1), corrosion product formation and aging (Section 6.2) and the preferential dissolution 

and elemental segregation (Section 6.3) aspects of the results reported in Chapter 5. Each 

of these sections contains a detailed comparison between the AZ31B and AM30 alloys as 

it pertains to the respective topic along with further discussion detailing the implications 

of the findings. The key findings are summarized in Section 6.4 and will be discussed in 

the context of an overall mechanism of filiform-like corrosion on AZ31B and AM30 al-

loys in Section 6.5.     

 

6.1. Electrochemical Behaviour 

 

The OCP evolution as a function of immersion time was not significantly different be-

tween AZ31B and AM30 (except for the higher OCP of the AM30 alloy) (Figure 5.1). 

Both alloys displayed a relatively rapid rise in their respective OCP within the first 100 s 

of immersion followed by a more gradual rise thereafter, which was not unlike the OCP 

transient behaviour observed by Taheri et al. [31] for pure Mg immersed in pure H2O 

(Figure 2.4). However, the OCP of the AZ31B and AM30 alloys suddenly dropped within 

approximately 2-5 h of immersion time, coinciding with the initiation of localized corro-

sion filaments on the exposed surfaces (Figure 5.1, Figure 5.2). Presumably, the OCP de-
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crease was caused by the high anodic current density associated with localized corrosion 

and the fluctuations in the OCP following the breakdown event were reflective of the un-

stable nature of localized corrosion. Breakdown events were similarly detected in the 

OCP transients recorded by Williams and co-workers [12,16] for pure Mg in 0.86 M NaCl 

(Figure 2.5) and also for AZ31B in NaCl solutions ranging in concentration from 0.034 M 

to 0.86 M. A more gradual OCP drop was observed by Taheri et al. [31] for pure Mg in 

pure H2O after approximately 5 h (Figure 2.4), and although this was not correlated with 

the initiation of localized corrosion, it was postulated that the OCP maximum correspond-

ed to a breakdown of the pre-existing MgO-rich surface film and subsequent formation of 

a thick Mg(OH)2-rich outer layer. 

The average OCP, icorr and ic values of the alloys following immersion at the OCC 

for 1 h and 24 h are plotted in Figure 6.1 (data from Table 5.1). Prior to breakdown (after 

1 h), the OCP of AM30 was significantly higher than that of AZ31B by approximately 20 

mV. However, the OCP of AZ31B rose significantly by approximately 30 mV following 

24 h at the OCC, whereas the average OCP of AM30 did not significantly change after 24 

h. The OCP increase of the AZ31B alloy was caused by an increase of cathodic kinetics, 

since ic at -1.6 VSCE was significantly higher following 24 h at the OCC. By contrast, ic at 

-1.6 VSCE was not significantly different for AM30 between 1 h and 24 h at the OCC. 

Similarly, only the icorr of AZ31B increased significantly after 24 h, which was consistent 

with the observation of higher surface coverage of the corrosion filaments on AZ31B fol-

lowing 24 h at the OCC (Figure 5.2). 
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Figure 6.1: Average values and 95% confidence intervals for the OCP, icorr and ic (at  

-1.6 VSCE) for AZ31B and AM30 (data from Table 5.1).  

 

The SVET results in this work revealed that the surfaces consumed by corrosion 

filaments acted as localized cathodes on both AZ31B (Figure 5.5) and AM30 (Figure 

5.25), which was in agreement with the previous SVET investigations of Williams and 

co-workers. [12,15,16]. However, it was also shown in this work that the cathodic current 

density above a defined region of filaments was relatively stable with respect to immer-

sion time for AZ31B (Figure 5.6), whereas it diminished with immersion time for AM30 

(Figure 5.26). The consequences of this observation are summarized in Figure 6.2, which 

displays the average SVET-determined integrated currents for each alloy as a function of 

immersion time. It can be seen that the increasing surface coverage of the cathodic corro-

sion filaments for AZ31B resulted in progressively larger cathodic currents, and thus, 

progressively larger anodic currents with respect to immersion time. By contrast, although 
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the surface coverage of the cathodic corrosion filaments on AM30 also progressively in-

creased, the proportionately diminishing cathodic current density from a defined region of 

filaments (Figure 5.26) resulted in relatively constant integrated cathodic and anodic cur-

rents with respect to immersion time. This behaviour correlated well with the OCP, icorr 

and ic data for each alloy after 1 h and 24 h at the OCC (Figure 6.1). This is an important 

observation because it demonstrates that relatively straightforward polarization tests can 

reveal the electrochemical kinetics of localized corrosion features as long as they cover a 

significant fraction of the tested surface.        

 

 

Figure 6.2: Average values of SVET-determined integrated currents from AZ31B 

(Figure 5.7) and AM30 (Figure 5.27) as a function of immersion time. 

 

Interestingly, the AZ31B SVET investigation by Williams et al. [16] yielded re-

sults that were more similar to the AM30 results presented in this work, since they also 
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noted that the average cathodic current density for a defined region of corrosion filaments 

diminished with respect to immersion time in a 0.86 M NaCl solution. However, it should 

be noted that the AZ31B material used by Williams et al. was in the as-cast condition, 

whereas the AZ31B material used in this work was wrought and subjected to a H24 tem-

per. AZ31B in the as-cast condition often has a dendritic microstructure with significant 

segregation of Al [84,85] as opposed to the homogeneous microstructure of the AZ31B  

alloy used in this work (Figure 4.1). The dendritic appearance of the corrosion filaments 

observed by Williams et al. (Figure 2.11[a]) suggested that the filaments propagated along 

dendritic pathways of the microstructure. By contrast, the corrosion filaments in this work 

likely propagated along grain boundaries, twin boundaries and surface damage arising 

from the sample preparation procedure (e.g. scratch marks), in a similar manner as that 

reported for pure Mg [51]. It is also worth noting that the electrochemical results in this 

work appear to contradict those of Zhao et al. [73], who determined from polarization 

testing and hydrogen collection experiments that the corrosion rate of AM30 was consid-

erably higher than that of AZ31B in a 0.53 M NaCl solution in which localized corrosion 

was initiated. However, it is not clear how the nanoscale microstructures (which are sus-

pected to significantly affect filiform-like corrosion susceptibility) of the alloys used in 

each work compared to each other. 

The fact that the average grain size of the AZ31B alloy used in this work was ap-

proximately ten times larger than the AM30 alloy should also be mentioned as a possible 

factor in their respective corrosion behaviours. While it has been proposed that reducing 

the grain size of Mg increases its corrosion resistance by increasing the stability of the 
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semi-protective surface film [46,54,86], this does not speak to its post-breakdown re-

sistance to filiform or filiform-like corrosion. Song et al. [87] have reported that decreas-

ing the grain size on pure Mg led to a decreased resistance to localized corrosion, while 

Aung and Zhou [48] reported the opposite trend for AZ31B. With the assumption that fili-

form and filiform-like corrosion propagates primarily along grain boundaries, it could be 

argued that a higher density of grain boundaries would provide a higher number of anodic 

pathways for filiform-like propagation. However, given that disc-like or filiform-like cor-

rosion on Mg and AZ31B is a cathodically-driven process [12,16], a higher density of 

grain boundaries by itself would not be expected to lead to enhanced anodic dissolution. 

This hypothesis is supported by the result presented in Figure 5.8, which demonstrated 

that the SVET-detected integrated anodic and cathodic current magnitudes on a coarse-

grained AZ31B sample were insignificantly different from the fine-grained AZ31B sam-

ple (Figure 5.7) and appreciably higher than the (similarly coarse-grained) AM30 alloy 

(Figure 5.27). Kish et al. [88] similarly reported that the grain size of friction stir welded 

AZ31B joints did not affect the anodic and cathodic kinetics of filiform-like corrosion.  

Taking the above points into consideration, it would appear that the greater local 

cathodic kinetics (and thus localized corrosion susceptibility) on AZ31B in comparison to 

AM30 cannot be attributed solely to differences in their respective average grain sizes. It 

is, therefore, more likely that the electrochemical dissimilarities between the alloys can be 

explained either by differences in their respective alloying contents or by differences in 

the distribution of cathodic intermetallic Al-Mn particles in each alloy. 
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6.2. Corrosion Product Formation and Aging 

 

In this work, SAD (via TEM) and quantification of the O:(Mg+Al+Zn) or O:(Mg+Al) ra-

tios (via AES) were both used to determine whether the corrosion products within the pre-

existing surface films and corrosion filaments comprised either MgO or Mg(OH)2. Every 

SAD pattern collected from the corrosion products consisted of diffraction rings indica-

tive of nanocrystalline MgO, while only one of the SAD patterns collected from the top 

surface of the aged corrosion filament on AM30 contained diffraction spots indicative of 

Mg(OH)2 in addition to MgO diffraction rings (Figure 5.37). However, the 

O:(Mg+Al+Zn) or O:(Mg+Al) atomic ratios (plotted for comparison in Figure 6.3) sug-

gested that varying mixtures of MgO and Mg(OH)2 were present in each corrosion prod-

uct.  
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Figure 6.3: O:(Mg+Al+Zn) and O:(Mg+Al) atomic ratio depth profiles through the 

pre-existing surface film, fresh corrosion filament and aged corrosion filament on 

AZ31B and AM30. Atomic ratios were calculated from the AES quantification re-

sults presented in Figure 5.13, Figure 5.18, Figure 5.24, Figure 5.32, Figure 5.36 and 

Figure 5.40. The vertical dashed line represents the approximate location of the be-

ginning of the transition from the pre-existing surface film to the metal for both al-

loys.  

 

 The single-layer MgO structure observed from the TEM analysis of the pre-

existing surface film on each alloy appears to be consistent with the surface films exam-

ined by Unocic et al. [32] on pure Mg and AZ31B following 4 h of immersion in pure 

H2O, which were also identified as being primarily composed of MgO using XPS depth 

profiling and SAD via cross-sectional TEM. However, the AES-determined 

O:(Mg+Al+Zn) or O:(Mg+Al) atomic ratios for the pre-existing surface films in this work 

were at least 1.5 (Figure 6.3), which suggested these structures contained a significant 

proportion of  hydrated corrosion products. This apparent discrepancy could perhaps be 

explained by the presence of scattered hydroxide products throughout the nano-sized 

pores in the film which would lack the sufficient long-range ordering necessary to pro-
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duce a SAD pattern characteristic of Mg(OH)2 (i.e. an amorphous or nearly-amorphous 

hydroxide). 

 The O:(Mg+Al+Zn) and O:(Mg+Al) atomic ratios calculated from the fresh corro-

sion filament for each alloy ranged from 1.1 to 1.3 (Figure 6.3), suggesting that these 

structures were primarily composed of MgO in accordance with the TEM-determined 

MgO SAD patterns. This result is consistent with the results of Schmutz et al. [51], who 

determined that the corrosion filaments formed on pure Mg in 0.01 M NaCl + 10-4 M 

Na2Cr2O7 were composed primarily of MgO. Interestingly, this would appear to contradict 

the conventional reaction process typically used to describe Mg corrosion, which involves 

the direct reaction of dissolved Mg2+ and OH- produced from the HE reaction to form 

Mg(OH)2 (Equation 2.3). The physical separation of the anodic and cathodic processes 

involved in filiform-like corrosion could help to explain the formation of MgO rather than 

Mg(OH)2. The high local quantity of Mg2+ ions dissolved at the filament head (evidenced 

by the intense SVET-detected anodic current peaks) would likely outnumber the local 

quantity of OH- ions, since the production of the latter would be dispersed along the re-

gions already consumed by corrosion filaments. As noted in Chapter 2, the production of 

MgO rather than Mg(OH)2 is significant in regards to the resulting corrosion filament 

morphology because the lattice parameter of MgO is smaller than that of metallic Mg. 

This lattice mismatch causes tensile stresses to develop within the corrosion filaments and 

can ultimately lead to shrinkage cracks, which were indeed observed in both the work of 

Schmutz et al. [51] and the present work (Figure 5.14, Figure 5.15, Figure 5.19, Figure 

5.33 and Figure 5.37). 
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 The aged corrosion filaments on both alloys were noted to contain a number of 

ruptured features with a columnar appearance (Figure 5.19 and Figure 5.37). These re-

gions appeared to have a similar morphology to the columnar structures observed by 

Taheri et al. [31,58] which were identified as crystalline Mg(OH)2 in these works. The 

SAD pattern collected from one of these regions (Figure 5.37) confirmed the presence of 

crystalline Mg(OH)2, although diffraction rings indicative of nanocrystalline MgO were 

also observed. The presence of these characteristic Mg(OH)2 features was consistent with 

AES-determined O:(Mg+Al+Zn) or O:(Mg+Al) atomic ratios ranging from 1.2 to 1.7 

(Figure 6.3), which indicated the degree of hydration of the aged corrosion filaments in-

creased relative to the fresh corrosion filaments. It is, therefore, proposed that aging in the 

solution caused the transformation of a portion of the corrosion filaments from MgO to 

Mg(OH)2, with the larger lattice parameter of the latter causing the compressive stresses 

necessary to create the ruptured appearance of the columnar regions. It is also suspected 

that the noticeable brightening of the corrosion filaments during aging in the solution 

(Figure 5.2, Figure 5.5, Figure 5.25) may have corresponded to a gradual transition from 

MgO to Mg(OH)2. 

 The significant morphological differences between the pre-existing surface film 

(nanoporous with continuous surface coverage) and the corrosion filaments (dense with 

the exception of cracks and ruptures) could help to explain the differences in catalytic ac-

tivity of each structure. However, no significant differences between the respective corro-

sion product structures on AZ31B and AM30 were detected in the analysis. Therefore, as 

mentioned in Section 6.1, the increased cathodic activity observed on the corrosion fila-
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ments on AZ31B relative to AM30 can most likely be attributed to differences in the al-

loying content or microstructures of each alloy. 

 

6.3. Preferential Dissolution and Elemental Segregation 

 

Preferential dissolution and elemental segregation were observed throughout the analysis 

of the corroded structures for both the AZ31B and AM30 alloys. Preferential dissolution 

was identified primarily from the TEM imaging of intact Al-Mn particles within the cor-

roded structures, since this required the preferential dissolution of the Mg matrix phase. 

Elemental segregation was observed at the film/metal and filament/metal interfaces in 

addition to the film or filament surfaces using TEM-EDS and AES analysis, respectively. 

Al-Mn particles were embedded in the pre-existing surface film (Figure 5.11[a], 

Figure 5.30[a]), fresh corrosion filaments (Figure 5.16[a], Figure 5.34[a]) and aged corro-

sion filaments (Figure 5.20[a], Figure 5.38[a]) for each alloy. It is important to recall that 

the Al-Mn particles in each alloy had different stoichiometries; the particles in the AZ31B 

alloy were identified as Al11Mn4 while the particles in the AM30 alloy were identified as 

Al8Mn5. Although a direct comparison of the electrochemical behaviour of these two 

phases is not available in the literature, Al-Mn particles with a lower Al:Mn ratio are gen-

erally reported to be more noble and thus more detrimental to the corrosion resistance of 

Mg alloys [19,89]. Therefore, the Al-Mn particles in the corroded structures on the AM30 

alloy would collectively be expected to have greater cathodic potency under the assump-

tion that they possessed the same total exposed surface area as in the AZ31B alloy. In or-
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der to test this assumption, the collective surface areas of particles in each alloy were es-

timated by calculating the surface area of an average-sized particle (assuming a spherical 

shape) and multiplying by the estimated number density of particles in the respective al-

loy. The AZ31B alloy contained an estimated 3.3 µm2 of Al-Mn particle surface area per 

µm3 of metal, while the AM30 alloy contained an estimated 1.9 µm2 per µm3 of metal. 

Therefore, if it is assumed that the size and number density of particles within the corrod-

ed structures mirrored that of the microstructures of the underlying metal, the collective 

surface area of particles in the AZ31B corroded structures was greater than that of the 

AM30 alloy. It is not clear which of these two factors (Al-Mn phase cathodic potency or 

total exposed surface area) was more significant, and therefore it is unknown whether the 

collective population of Al-Mn particles in AZ31B or AM30 would be expected to pro-

vide higher cathodic kinetics to the corroded structures on each alloy. 

The Al and Zn EDS line profiles across the film/metal and filament/metal inter-

faces presented in Chapter 5 are re-plotted for comparison in Figure 6.4. The data is pre-

sented as Al/(Mg+Al+Zn), Zn/(Mg+Al+Zn) and Al/(Mg+Al) atomic percentages in order 

to emphasize the quantity of Al and Zn relative to the respective solid-solution compo-

nents in each alloy. The first observation from these plots is that the films and filaments 

were generally enriched with Al relative to the base metals. As discussed in Chapter 2, Al-

enrichment is often identified within the surface films formed on Mg-Al alloys, and as 

such this result is not surprising. The mechanism by which Al enriches in the surface 

films formed on Mg has been proposed to involve the higher affinity of O2 for Al than for 
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Mg [90], since Al2O3 (-788 kJ per mole of Al) has a lower Gibbs free energy of formation 

than MgO (-559 kJ per mole of Mg).  

 

 

Figure 6.4: Al/(Mg+Al+Zn), Zn/(Mg+Al+Zn) and Al/(Mg+Al) atomic percentage line 

profiles across the pre-existing surface film, fresh corrosion filament and aged corro-

sion filament/metal interfaces on AZ31B and AM30. Atomic percentages were calcu-

lated from the EDS line profiles presented in Figure 5.12, Figure 5.17, Figure 5.21, 

Figure 5.31, Figure 5.35 and Figure 5.39. The vertical dashed lines represent the 

film/metal or filament/metal interfaces. 

 

The enrichment of Al at the pre-existing film/metal interface of the AM30 alloy 

was somewhat surprising since a similar Al-enriched layer has only been previously ob-

served underneath the corroded structures on higher Al-content Mg alloys containing the 

β-Mg17Al12 phase [65,67,91,92]. As mentioned in Chapter 2, the enrichment of Zn under-

neath surface films of Zn-containing Mg alloys has been previously reported [32,40,45]. 

The fact that Al-enrichment was not observed on the AZ31B alloy (for which Zn-

enrichment was instead observed) suggests that a competitive process, in which all but the 

noblest alloying element are preferentially corroded, dictates which element segregates at 
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the pre-existing film/metal interface. Zn, with a standard electrode potential of -1.0 VSCE, 

would thus be expected to be left behind in its metallic form as Al (-1.9 VSCE) and Mg (-

2.6 VSCE) both preferentially corrode from the AZ31B alloy. The AM30 alloy, which con-

tained no detectable Zn, would instead be expected to have Al left behind in its metallic 

form as Mg preferentially corrodes. The greater enrichment of Al at the pre-existing 

film/metal interface on AM30 relative to Zn at the pre-existing film/metal interface on 

AZ31B (Figure 6.4) presumably reflects the higher alloying content of Al relative to Zn.  

The lack of significantly increased elemental enrichment at the fresh corrosion fil-

ament/metal interfaces, despite the large volume of metal that corroded during corrosion 

filament formation, suggests that the intense local anodic currents at the heads of the cor-

rosion filaments (Figure 5.5, Figure 5.25) were strong enough to dissolve all of the alloy-

ing elements. The noble element enrichment observed at the aged corrosion fila-

ment/metal interfaces likely cannot be attributed to preferential dissolution due to the fact 

that the filament-consumed areas of the surface were cathodically protected (Figure 5.5, 

Figure 5.25). The comparable quantities of Al-enrichment at the aged corrosion fila-

ment/metal interface of AM30 and Zn-enrichment at the aged corrosion filament/metal 

interface of AZ31B (Figure 6.4) is somewhat remarkable when considering the lower al-

loying content of the latter element, and also supports the hypothesis that the elemental 

enrichment mechanism in this case is not equivalent to the case of the pre-existing films. 

A potential explanation for the elemental enrichment at the aged corrosion filament/metal 

interfaces could instead involve the rejection of oxidized noble elements from the corro-

sion filament onto the metal surface, which the result presented in Figure 5.22 alludes to. 
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The higher thermodynamic tendency of reducing oxidized Zn relative to Al could then 

explain the comparable levels of enrichment of the respective elements underneath the 

aged corrosion filaments on each alloy despite the lower alloying content of Zn. The seg-

regation of metallic Al or Zn to the corrosion filament/metal interfaces could be a signifi-

cant factor in the cathodic behaviour of corrosion filaments, since the cathodic kinetics on 

Al [93,94] and Zn [46] are approximately an order of magnitude or larger than the cathod-

ic kinetics on Mg near the typical corrosion potentials of Mg. It should also be noted that 

the concentration of Al and Zn at the respective interfaces of each alloy could possibly be 

significantly higher than detected with EDS quantification, due to tilted boundary layers 

and/or limited TEM imaging resolution.  

The Al/(Mg+Al+Zn), Zn/(Mg+Al+Zn) and Al/(Mg+Al) atomic percentages calcu-

lated from the quantification of the AES depth profiles are plotted for comparison in Fig-

ure 6.5. The depth profiles revealed significant enrichment of Al at the top surfaces of the 

pre-existing surface films; interestingly, this result appears to be unique from previous 

studies which employed XPS and TEM-EDS analysis of the surface films formed on Mg-

Al alloys [32,34–38,40]. However, this result would appear to be consistent with the 

mechanism discussed above for the general enrichment of Al within the corroded struc-

tures, since the higher affinity of O2 for Al versus Mg would result in segregation of the 

former element to the top surface where O2 is abundantly present either in air or dissolved 

in solution. Unlike the pre-existing surface films, an Al-depleted surface layer appeared to 

be present on the fresh corrosion filaments of each alloy. This was rather unexpected be-

cause TEM imaging appeared to reveal that the pre-existing surface film was still present 
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overtop the fresh corrosion filament (Figure 5.15[d], Figure 5.33[b]). The reason for the 

depletion of Al from this layer is therefore not clear; however, it would appear to indicate 

that the overlying pre-existing surface film was modified in some way as a result of prop-

agation of the underlying corrosion filament. The aged corrosion filaments on each alloy 

displayed an Al-depleted region similar to the fresh corrosion filaments while also dis-

playing an overlying Al-enriched region similar to the pre-existing surface films, which 

could presumably be explained again by the higher affinity of O2 for Al manifesting itself 

as the filament aged in the solution.    

 

 

Figure 6.5: Al/(Mg+Al+Zn), Zn/(Mg+Al+Zn) and Al/(Mg+Al) atomic percentage 

depth profiles through the pre-existing surface film, fresh corrosion filament and 

aged corrosion filament on AZ31B and AM30. Atomic percentages were calculated 

from the AES quantification results presented in Figure 5.13, Figure 5.18, Figure 

5.24, Figure 5.32, Figure 5.36 and Figure 5.40. The vertical dashed line represents 

the approximate location of the beginning of the transition from the pre-existing sur-

face film to the metal for both alloys. 
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6.4. Summary of Corroded Structure Characteristics 

 

A summary of the key characteristics from the three corroded structures characterized on 

each of the AZ31B and AM30 alloys is provided in Table 6.1. These characteristics are 

considered to be the most important to the discussion of the filiform-like corrosion mech-

anism in Section 6.5. 
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Table 6.1: Summary comparison of the three corroded structures characterized 

from each alloy (*The SAD-detected Mg[OH]2 structure present in the aged corro-

sion filament on AM30 likely was present but undetected in the aged corrosion fila-

ment on AZ31B, since both corroded structures contained ruptured columnar fea-

tures characteristic of Mg[OH]2). 

Alloy Corroded 
Structure 

Thick-
ness 

Morph-
ology 

Crystal 
Struc-
ture 

(SAD) 

Em-
bedded 
Al-Mn 
Parti-
cles 

Elemental 
Enrichment at 
Film/Metal or 

Filament/Metal 
Interface 

AZ31B 

Pre-
existing 
Surface 

Film 

50-120 
nm 

Porous, 
uniform 
coverage 

MgO 
Al11Mn4 

 
(esti-
mated 

3.3 µm2 
total 

particle 
surface 
area per 
µm3 of 
materi-

al)  

Zn 
Zn/(Mg+Al+Zn) 

≈ 2 At. % 

Fresh 
Corrosion 
Filament 

>1 µm 

Dense, 
through-
thickness 

cracks 

MgO 
Zn 

Zn/(Mg+Al+Zn) 
≈ 2 At. % 

Aged 
Corrosion 
Filament 

>1 µm 

Dense, 
through- 
thickness 

cracks and  
ruptures 

MgO 
(*) 

Zn 
Zn/(Mg+Al+Zn) 

≈ 6 At. % 

AM30 

Pre-
existing 
Surface 

Film 

70-160 
nm 

Porous, 
uniform 
coverage 

MgO 
Al8Mn5 

 
(esti-
mated 

1.9 µm2 
total 

particle 
surface 
area per 
µm3 of 
materi-

al) 

Al  
Al/(Mg+Al)  
≈ 15 At. % 

Fresh 
Corrosion 
Filament 

>1 µm 

Dense, 
through-
thickness 

cracks 

MgO None detected 

Aged 
Corrosion 
Filament 

>1 µm 

Dense, 
through- 
thickness 

cracks and 
ruptures 

MgO/ 
Mg(OH)2 

(*) 

Al  
Al/(Mg+Al) ≈  

8 At. % 
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6.5. Filiform-Like Corrosion Mechanism 

 

Although the localized corrosion investigated in this work resembles filiform corrosion, it 

is important to remember that the same differential aeration-based mechanism generally 

accepted to drive filiform corrosion beneath coated Fe and Al-based alloys cannot be ap-

plied to Mg alloys. The reasons for this are that the main cathodic reaction in the corro-

sion of Mg is HE instead of oxygen reduction, and the hydrolysis of Mg2+ cations in-

creases the local solution pH instead of decreasing it as is the case for Al3+ and Fe3+ cati-

ons [15]. As discussed in Chapter 2, Scanning Kelvin probe and SVET measurements 

performed by Williams and coworkers demonstrated that a differential electrocatalytic-

based mechanism drives filiform-like corrosion on both uncoated and coated pure Mg 

[12,15]  as well as uncoated AZ31B [16]. The SVET results in this work were in agree-

ment with the above mechanism since it was similarly demonstrated that net cathodic cur-

rents above the corrosion filaments were coupled with net anodic currents at the fronts of 

the propagating filaments on both AZ31B (Figure 5.5) and AM30 (Figure 5.25). Howev-

er, a more detailed analysis revealed some potentially critical differences between the 

electrochemical behaviour of the filiform-like corrosion on each alloy (Section 6.1). The 

variations in the characterized corroded structures on each alloy, which primarily in-

volved preferential dissolution and elemental segregation (Section 6.3), were thus consid-

ered as potential factors in their different electrochemical behaviours. These factors are 

discussed in the following sub-section in an attempt to further the understanding on the 
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source(s) of cathodic activation of the corrosion filaments on AZ31B and AM30 and by 

extension other Mg alloys not investigated in this work.    

 

6.5.1. Potential Sources of Cathodic Activation 

 

As mentioned in Chapter 2, the proposed mechanism by Williams et al. [16] for the ca-

thodic activation of the filament-covered regions on AZ31B (and by extension, AM30) 

states that it is a result of the accumulation of noble Al-Mn particles within the corrosion 

filaments (Figure 2.12). The strongest evidence to date for this mechanism was provided 

by Merino et al. [67], who showed with plan view SEM imaging that Al-Mn particles 

were present in the corroded regions of a AZ31B alloy exposed to 5 wt.% NaCl salt fog. 

The present work has provided clear evidence that Al-Mn particles are left embedded in 

the corrosion filaments during filiform-like corrosion. However, it was also shown in this 

work that Al-Mn particles were present in the pre-existing surface films of each alloy 

which covered regions not yet consumed by corrosion filaments. If the cathodic activation 

of AZ31B and AM30 is caused by the accumulation of Al-Mn particles, this raises a ques-

tion as to why cathodic currents would be confined primarily to the corrosion filament 

when Al-Mn particles are available on the intact surface by being present within the pre-

existing surface film. The answer could lie in the fact that, for equal surface areas, a larger 

number of Al-Mn particles could reasonably be assumed to be present in the corrosion 

filament than in the pre-existing surface film due to the greater thickness of the corrosion 

filament. This explanation would require the assumption that electrons from the metal can 
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freely travel to all regions of the corrosion filament and pre-existing surface film. As dis-

cussed in Section 6.3, the AZ31B and AM30 alloys both contained Al-Mn particles, but 

with different stoichiometries and collective surface areas. Therefore, it cannot be defini-

tively stated which alloy would be expected to encompass a larger cathodic contribution 

from the Al-Mn particles, and the possibility of Al-Mn particles causing cathodic activa-

tion cannot be definitively evaluated by interpreting the comparative electrochemical re-

sults discussed in Section 6.1. However, it is noted that the magnitudes of cathodic cur-

rents detected at relatively short times after filiform corrosion initiation were similar be-

tween each alloy (Figure 6.2). If the embedded Al-Mn particles indeed caused the corro-

sion filaments to become cathodically active, this would suggest that they induced rela-

tively similar cathodic effects on each alloy and that another mechanism could be respon-

sible for the divergence of the detected cathodic currents after prolonged immersion times 

(Figure 6.2).     

The key findings from this work are summarized in an updated schematic repre-

sentation of the filiform-like corrosion mechanism on AZ31B and AM30 alloys, presented 

in Figure 6.6. The particles and elemental enrichment were generically referred to as “no-

ble” because it is suspected that this schematic representation can be applied to the fili-

form-like corrosion process on many other Mg alloys containing a wide range of alloying 

elements. It is proposed that the through-thickness cracks observed in the corrosion fila-

ments play a key role in the cathodic activation mechanism, by providing pathways for 

ionic passage to cathodic sites either within the filament or at the corrosion filament/metal 

interface. For example, considering again the cathodic contribution of Al-Mn particles, 
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the presence of the through-thickness cracks could explain why cathodic currents were con-

fined to the corrosion filaments when both the pre-existing surface films and corrosion fila-

ments contained embedded Al-Mn particles. A crack is thus shown as a local cathode in the 

presented schematic representation. Three possible cathodic sites within the crack are la-

belled, the first of which is the previously-mentioned Al-Mn particles (Figure 6.6, cathod-

ic site #1). 

 

 

Figure 6.6: Schematic representation of the filiform-like corrosion mechanism, in-

cluding three proposed cathodic sites responsible for cathodic activation of the cor-

rosion filaments formed on AZ31B and AM30. The proposed cathodic sites include 

noble intermetallic particles (#1), noble metal enrichment (#2) and the corrosion fil-

ament itself (#3). 
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The interfacial enrichment of Zn and Al observed at the corroded structures on 

AZ31B and AM30, respectively, has the potential to increase the rate of cathodic kinetics 

at potentials near the corrosion potential of Mg (Section 6.3). This noble metal enrich-

ment is thus proposed as a second possible site causing cathodic activation (Figure 6.6, 

cathodic site #2). A possible detraction from this proposal is the fact that the corrosion 

filament-covered areas on AZ31B and AM30 were cathodically activated immediately 

after their formation (Figure 5.6, Figure 5.26), while significant noble metal enrichment 

was not observed at the corrosion filament/metal interfaces until they were analyzed in 

the aged condition. However, it is possible that the noble metal-enriched layers acted as 

“secondary” cathodic catalysts in addition to primary cathodic catalysts (such as embed-

ded Al-Mn particles). In this context, the differing quantities of noble metal enrichment at 

the corroded structures of AZ31B and AM30 could explain the divergence of detected ca-

thodic currents on each alloy after prolonged immersion times (Figure 6.2). It can be seen 

in Table 6.1 that the detected quantity of Zn in the AZ31B corroded structures was higher 

at the aged corrosion filament/metal interface than at the pre-existing film/metal interface, 

which would suggest that the corrosion filament-covered regions became increasingly 

more cathodic with respect to the intact pre-existing film-covered regions as a function of 

immersion time. By contrast, the detected quantity of Al in the AM30 corroded structures 

was higher at the pre-existing surface film/metal interface than at the aged corrosion fila-

ment/metal interface, suggesting that the secondary cathodic catalyst in this case (i.e. Al-

enrichment) was higher at the intact pre-existing film-covered regions. Both of these ob-

servations are consistent with the respective electrochemical behaviour of each alloy, 
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since the total cathodic current on AZ31B definitively increased with immersion time 

whereas the total cathodic current on AM30 did not increase significantly after the initia-

tion of corrosion filaments (Figure 6.2).   

A third potential cathodic site that deserves consideration is the MgO corrosion 

filament itself (Figure 6.6, cathodic site #3). It has been previously speculated [95] that 

corrosion films can act as cathodes, and in this case, the dense corrosion filament might 

allow higher electronic conductivity than the pre-existing surface film and, therefore, 

more efficient cathodic kinetics. In addition, the roughened surface that was previously 

observed on the corrosion filaments formed on pure Mg by Schmutz et al. [51] (Figure 

2.10) could conceivably provide a higher effective surface area necessary to catalyze the 

HE reaction. However, investigations of cathodic disbondment of organic coatings have 

shown that the relatively good resistance of MgZn2 electrodes to coating failure can be 

attributed to the poor cathode properties of the MgO surface film [96,97]. Schmutz et al. 

[51] also surmised from the excessive charging observed during Ar ion sputtering that the 

corrosion filaments on pure Mg were relatively electronically insulating, which would 

tend to negate them effectively transporting electronic current in the filiform-like corro-

sion process. For these reasons, the possibility of the corrosion filament itself acting as a 

significant cathode is considered to be the least likely of the three identified potential ca-

thodic sites. Even if the corrosion filament does contribute to the cathodic activation 

mechanism, it is clear from the observed electrochemical differences between AZ31B and 

AM30 filiform-like corrosion (Figure 6.1, Figure 6.2) that other factors must affect the 

magnitude of cathodic activation. 
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6.5.2. Cathodic Activation and the Negative Difference Effect 

 

As noted in Chapter 2, the cathodic activation of corroded Mg has been proposed as the 

reason behind the NDE (i.e. increased HE rate during anodic polarization) [12,13,23,26]. 

Although this study has focused on cathodic activation of AZ31B and AM30 during open-

circuit corrosion, it is evident from SVET measurements at the OCC that intense local net 

anodes are formed at the fronts of propagating corrosion filaments (Figure 5.5, Figure 

5.25). Thus, a discussion on the relationship between cathodic activation and the NDE in 

the context of localized corrosion is warranted. Numerical area integration of previous 

SVET-measured current densities on both pure Mg [12] and AZ31B [16] in addition to 

the present work (Figure 5.7, Figure 5.27) has demonstrated a well-correlated charge bal-

ance between the anodic currents at propagating corrosion fronts and the uniform cathod-

ic currents observed across the previously corroded regions. It is surprising, then, that HE 

at the propagating corrosion front is readily observed to occur much faster than on the 

previously corroded regions (Figure 5.5, Figure 5.25). This “extra” HE was independently 

verified by Lebouil et al. [98] via simultaneous time-resolved measurement of dissolved 

Mg and evolved H2 during potentiostatic anodic dissolution of pure Mg. Firstly, they 

demonstrated that the number of moles of dissolved Mg was greater than that expected 

based on the number of electrons collected by the potentiostat, which indicated the avail-

ability of extra electrons for consumption by the HE reaction. They also demonstrated 

that the number of moles of H2 evolved was greater than the number which could be cre-

ated by consumption of the expected extra electrons by the HE reaction. This could only 
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be explained by a greater amount of oxidized Mg than measured, and this discrepancy 

was attributed to the formation of insoluble MgO or Mg(OH)2 films [98]. Rossucker et al. 

[99] have since performed similar time-resolved measurements of galvanostatically polar-

ized pure Mg, which demonstrated that the currents associated with HE and film for-

mation are indeed closely correlated with one another. In the present work, the corrosion 

filaments were shown to be formed primarily as MgO. For these reasons, it is expected 

that the extra HE at the fronts of the propagating corrosion filaments during open-circuit 

corrosion of AZ31B and AM30 was a product of the following overall direct reaction: 

 

 2 2  Mg H O MgO H   (6.1) 

 

The rest of the oxidized Mg at the corrosion front is detectable by SVET as Mg2+ and, as 

mentioned above, is entirely charge-balanced by the detected cathodic ionic currents at 

the cathodically-activated corrosion filaments. Thus, the electrons drawn from the propa-

gation front to the cathodically-activated corrosion filaments are analogous to the elec-

trons drawn by a potentiostat during external anodic polarization of Mg. This leads to the 

conclusion that the extra HE (i.e. the NDE) which occurs at the localized sites of anodic 

activity is not a direct result of cathodic activation. It is instead attributed to the formation 

of an insoluble MgO corrosion product. The extra HE at the propagating corrosion front 

as a result of Equation (6.1) is shown schematically in Figure 6.6. 
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Chapter 7:  Conclusions and Recommendations 

 

In this investigation, the filiform-like corrosion behaviour of Mg alloys AZ31B and 

AM30 was investigated in a dilute NaCl solution using electrochemical and microanalyti-

cal techniques. The key findings of the investigation are summarized below: 

  

(1) Scanning vibrating electrode technique (SVET) testing demonstrated that the cor-

rosion filaments on both alloys were cathodically activated, which was consistent 

with previous investigations on pure Mg [12,15] and AZ31B  [16]. 

(2) Polarization and SVET testing revealed the corrosion filaments on AZ31B to be 

more cathodically active than on AM30 after prolonged immersion periods. As a 

result, the AZ31B alloy suffered more severe filiform-like corrosion after pro-

longed immersion periods. 

(3) Transmission electron microscopy (TEM) and Auger electron spectroscopy (AES) 

analysis revealed the freshly formed corrosion filaments on both alloys to com-

prise primarily MgO. Following a discussion of the work of Lebouil et al. [98] and 

Rossrucker et al. [99], it was deduced that the rapid hydrogen evolution (HE) ob-

served at the fronts of the propagating corrosion filaments was a product of the di-

rect reaction of Mg and H2O to form MgO and H2. TEM and AES analysis sug-

gested that the corrosion filaments became partially hydrated to Mg(OH)2 as a re-

sult of aging in the salt solution. 



M.A.Sc. Thesis - Z.P. Cano; McMaster University - Materials Science & Engineering 

Chapter 7: Conclusions and Recommendations 

127 

(4) Through-thickness cracks were observed in the corrosion filaments, which were 

postulated to play a major role in the cathodic activation mechanism. It was pro-

posed that the cracks facilitated ionic flow to specific cathodic sites within the 

corrosion filament or at the corrosion filament/metal interface of each alloy. 

(5)  Al-Mn particles were embedded in the corrosion filaments of both alloys. This 

provided some confirmatory evidence for the proposed mechanism of Williams et 

al. [16] whereby the filaments were cathodically activated due to an enrichment of 

noble Al-Mn particles. Assuming that the Al-Mn particles were responsible for the 

“primary” cathodic currents detected after initial filament formation, the similar 

cathodic current magnitudes detected on each alloy within short immersion times 

suggested that the cathodic contribution of the Al-Mn particles in each alloy were 

relatively similar.  

(6) Zn-enrichment was observed at the aged corrosion filament/metal interface of the 

AZ31B alloy, while Al-enrichment was observed at the aged corrosion fila-

ment/metal interface of the AM30 alloy. The noble metal-enriched layers were 

proposed to act as “secondary” cathodic enablers, with the differences in the re-

spective concentrations of the layers after aging presumably causing the diver-

gence of the cathodic current magnitudes detected on each alloy after prolonged 

immersion periods.   

 

Conclusions (2) and (6) listed above suggested that alloying with Zn has a detri-

mental effect on the filiform corrosion susceptibility of Mg-Al-Zn alloys. However, the 
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differences in the average grain size, particle size, particle distribution and particle stoi-

chiometry within each alloy meant that the effect of alloyed Zn could not be determined 

with absolute certainty. Nevertheless, the significant differences in the severity of fili-

form-like corrosion observed on the AZ31B and AM30 alloys made it clear that the alloy 

content and/or microstructure likely has a significant effect on the filiform corrosion pro-

cess on Mg alloys. 

The experimental methods employed in this investigation can serve as a frame-

work for studying the cathodic activation susceptibility (and, thus, filiform corrosion sus-

ceptibility) of other Mg alloys. It is recommended that future work in this area focusses 

on binary or ternary alloys that are directly comparable to one another in terms of average 

grain size and particle size, distribution and stoichiometry. Doing so would enable more 

certain conclusions on the effects of various alloying elements on the cathodic activation 

susceptibility of Mg alloys under open circuit immersion conditions. It should also be 

noted that the direct correlation of the potentiodynamic polarization and SVET results in 

this investigation could mean that it is not necessary to employ the relatively specialized 

equipment needed for SVET testing. Simple polarization testing can be used to probe the 

cathodic potency of corrosion filaments on an Mg alloy surface, provided that the corro-

sion filaments have consumed a significant portion of the surface. 
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