
ABSTRACT 

HELMER, ALEXANDER TIMOTHY, Towards Sustainable Design: Corrosion Studies of 

Magnesium-Based Alloys (Under the direction of Dr. Rajeev Gupta) 

 

Magnesium (Mg), the lightest structural metal, holds promise for aerospace, automotive, 

and biomedical applications requiring weight reduction. However, its poor corrosion resistance 

limits widespread use. This study aims to enhance Mg-based alloys by employing novel alloying 

strategies and processing techniques—specifically mechanical alloying (MA) and spark plasma 

sintering (SPS)—and by investigating the role of secondary phases and alloying elements on 

microstructure and corrosion behavior. 

Ball milling was used to generate non-equilibrium supersaturated solid solutions and refine 

grain structures in Mg alloys. Consolidation via cold compaction and SPS allowed assessment of 

mechanical and corrosion properties. Commercial alloys (WE43C, AZ91E) and experimental 

systems rich in titanium (Ti), zinc (Zn), calcium (Ca), and other elements were studied using 

advanced characterization techniques (SEM, TEM, XRD, XPS, electrochemical testing) to 

understand microstructure–corrosion relationships. 

Findings show that Ti and Zn additions significantly enhance corrosion resistance. The 

MgTiZn alloy achieved a corrosion current density of 3.65 ± 0.65 µA/cm², and Mg4TiZn recorded 

4.58 ± 1.64 µA/cm², both markedly lower than the Mg control sample at 356.39 ± 32.24 µA/cm² 

and pure cast Mg at 34.16 ± 7.35 µA/cm². Moreover, the MgTiZn alloy exhibited higher hardness 

and elastic modulus than any commercial light metals, indicating potential for lightweight-high-

strength applications. 

A lightweight Mg-based alloy containing Ca, Ti, Zn, and In (CaTZI) achieved a low 

corrosion rate of 9.64 ± 2.08 µA/cm². Ball milling facilitated the incorporation of these elements 



into the Mg matrix, leading to selective dissolution and the formation of a more protective surface 

film. This alloy also demonstrated biocompatible mechanical properties, making it a promising 

candidate for biomedical applications. 

However, ball milling introduced mechanical stresses, surface cracking, and porosity, 

increasing corrosion current densities due to microstructural inconsistencies, particularly in 

existing commercial alloy systems. In WE43C, redistribution of yttrium (Y) and neodymium (Nd)-

rich phases after ball milling and SPS exacerbated galvanic corrosion. In AZ91E, although ball 

milling reduced β-phase size, phase segregation increased micro-galvanic corrosion after SPS. 

Nevertheless, SPS improved density and consolidated secondary phases, enhancing corrosion 

resistance in as-received WE43C and AZ91E samples. The study elucidated the effects of 

secondary phase size and electrode potentials, indicating that smaller phases accelerate corrosion 

in AZ91E, whereas WE43C's secondary phases were anodic. 

By advancing the understanding of the processing–microstructure–corrosion relationship 

in Mg-based alloys, this study supports the development of lightweight, corrosion-resistant 

materials for sustainable design. The findings have implications for reducing environmental 

impact, enhancing recyclability, and promoting the use of Mg alloys in structural and biomedical 

applications. Future directions include optimizing ball milling parameters, exploring new alloying 

elements, and further investigating the synergy between processing techniques and alloy 

microstructure. 
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CHAPTER 1: INTRODUCTION 

In a world growing increasingly conscious of its environmental impact, it becomes 

paramount to explore innovative approaches and materials that can contribute to the broader 

sustainability goals. In the travel sector, enhancing the sustainability quotient involves optimizing 

the weight of components, while the medical sector strives to eliminate the need for secondary 

surgeries which can result in comorbidities and incur greater cost and material waste. 

Concurrently, the recycling and reuse of materials, particularly magnesium due to its high 

recyclability, forms a pivotal aspect of sustainable design.  

In this context, the concept of sustainable design gains prominence, emphasizing the 

responsible and sustainable sourcing, processing, and recycling of materials. Up to now 

researchers have been at work to address climate concerns through developing lightweight 

components for use across sectors. Magnesium, the lightest engineering metal at around 1.7 g/cm³ 

for density, offers a high strength-to-weight ratio unmatched by other structural metals. It's widely 

available and notable for excellent castability, high-speed machinability, and environmental and 

biological compatibility, making it ideal for biodegradable implants3–5.  

However, Mg's corrosion resistance remains a significant limitation. Enhancements in 

creep or strength often worsen corrosion, and additional challenges include Mg's pyrophoric nature 

and oxidation in air, requiring specialized environments for alloy processing 6,7. Despite these 

factors, Mg retains significant attention due to its 100% recyclability, prevalence, light weight, and 

low cost 5,8. 

Advancing corrosion-resistant magnesium-based alloys stands out as a crucial and 

promising approach to supporting sustainability efforts. Mg-based alloys have been in use with 

automakers and aircraft manufacturers in small ways for a number of years, but no appreciable 
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advancement has been achieved in two decades9, traditional processing methods have been the 

primary approach to developing corrosion resistant Mg-based alloys. Innovative powder synthesis 

processes have only recently gained traction for industrial-scale application due to the ongoing 

advancements in the additive manufacturing (AM) field. 

The importance of the recyclability of materials has also gained prominence in recent years, 

driven by efforts to reduce the use of finite resources10,11. Since the turn of the century recyclability 

indices have been created to aid in identifying and prioritizing materials that have superior 

recyclability12,13. The recyclability of a material is sometimes defined as the ability a used material 

has to regain the properties of its virgin state13. In this regard, Mg stands out as one of the most 

eco-friendly and sustainable metals due to its widespread abundance and its excellent 

recyclability14,15.  

As the AM sphere continues to progress powder-to-part efficiency and scalability, the 

prospect of using mechanical alloying (MA) to develop super saturated solid solutions of Mg-

based powdered materials once again holds promise for researchers and industries aiming to 

improve sustainability. Mechanical alloying also called ball milling is a predominantly mechanical 

process by which powdered mixtures are placed in a ball mill and subjected to fracturing, cold 

welding, intimate mixing, and rewelding of powders16–18. The ball milling process is a non-

equilibrium processing method that can yield nanocrystalline supersaturated solid solution 

alloys18,19.  

It is well known that cold working a material produces considerable improvement to its 

mechanical properties, studies have shown that this also the case for Mg-based alloys, some results 

showing  improvements to hardness and yield strength that were ~120% and ~650% increase, 

respectively20,21. The literature covering mechanical property improvements and extension of 
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solubility of Mg-based alloys through ball milling is extensive 22–27, but the corrosion behavior of 

such materials has received limited attention. 

To achieve the desired properties in ball-milled powders, effective consolidation methods 

such as Cold compaction (CC) and Spark plasma sintering (SPS) are essential. Cold compaction 

is a valuable room-temperature technique for consolidating hard, nanostructured powders, 

achieving good density and excellent hardness while preserving fine grain structure28. This method 

allows for significant densification without grain growth, enhancing compactibility and 

maintaining structural integrity29. 

Spark plasma sintering offers an alternative approach with rapid heating and cooling rates, 

leading to high densification and fine-grained structures that are typically retained30,31. This 

process minimizes grain growth and enhances mechanical properties compared to conventional 

sintering methods. Additionally, studies show that SPS can improve corrosion resistance by 

refining grain structures and, when combined with powder pre-passivation, create a more compact 

and stable oxide layer, further enhancing material durability in corrosive environments32. 

Ultimately, CC is often chosen to retain the finest grain structures at lower temperatures, 

whereas SPS provides greater densification and corrosion resistance, making it ideal for 

applications that prioritize mechanical and electrochemical durability. 

CHAPTER 2: LITERATURE REVIEW provides a detailed discussion of the mechanisms 

of magnesium corrosion, including disparities in literature, the influence of ball milling on 

enhancing corrosion resistance, and more recent advancements in alloying magnesium for 

improved corrosion resistance.  
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For this research, ball milling of Mg with various elements to generate unique alloys with 

increased solid solutions was chosen to create Mg-based alloys with enhanced corrosion resistance.  

Several hypotheses were proposed how ball milling of Mg with various additives might 

yield alloys with enhanced corrosion resistance: 

1. The morphology, size, and distribution of secondary phases in Mg-based alloys 

significantly influence their corrosion performance, as established in the literature33–35. Ball 

milling can reduce the size of secondary phases, enhance solid solutioning by promoting a 

more uniform distribution of solute atoms, and reduce solute segregation. By achieving a 

more uniform distribution of phases and minimizing potential micro-galvanic sites, the 

corrosion resistance is expected to improve while simultaneously enhancing mechanical 

properties. 

2. Alloying magnesium with carefully selected elements—such as titanium, zinc, calcium or 

aluminum—can facilitate the  formation of a stable and adherent oxide layer by promoting 

selective dissolution of magnesium and simultaneous surface enrichment with these 

alloying elements. This process facilitates the formation of a continuous and uniform 

protective oxide or hydroxide layer, significantly reducing corrosion. This hypothesis was 

inspired by high corrosion resistance of Fe-Cr alloys where a surface-enriched protective 

film is formed by selected dissolution of Fe and oxidation of Cr. Another possibility, 

inspired by gemstones and observed in Al based alloys, stability of the surface film could 

be enhanced by doping of the underlying elements. For example, properties of the alumina 

change by doping of small amount of Cr3+ or Fe3+.  Similar phenomenon could be possible 

for Mg alloys and enhance stability of Mg oxide/hydroxide. Literature indicates that ball 

milling can uniquely enhance this effect by promoting formation of a supersaturated solid 
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solution, as has been well-established in other alloy systems36,37. The solubility of alloying 

elements has been reported to be several orders of magnitude higher than what is predicted 

by phase diagrams.  

3. Uniform distribution of the selected alloying elements may influence the interfacial 

chemistry and potential that could enhance the corrosion resistance. For instance, the 

addition of Ca can increase interfacial pH, which could increase stability of magnesium 

oxide/hydroxide. Alloying elements like Ce, Nd, Pr, or Nb may dissolve in the solution 

and act as corrosion inhibitor. This hypothesis is inspired by observed enhancement in 

corrosion resistance of Al-V alloys, where vanadium dissolved in the pits and formed 

vanadates, which acted like vanadate corrosion inhibitor.  

4. Although challenging, ball milling may enable the formation of Mg-based multi-principal 

element alloys (MPEAs) by overcoming kinetic barriers to mixing and promoting element 

mixing beyond traditional solubility limits. This homogeneous microstructure is 

hypothesized to enhance corrosion resistance by minimizing microstructural 

inhomogeneities and reducing phase segregation. The homogeneous distribution of 

multiple alloying elements may lead to the formation of more stable and protective 

compound oxides, improving the overall corrosion resistance of the alloy. This approach 

aligns with findings in the literature on MPEAs, where improved corrosion performance is 

attributed to reduced phase segregation and consistent surface passivation38,39.  

CHAPTER 3: METHODOLOGY details the methodology used in this study from 

materials, handling, to alloy synthesis and parameters used, to bulk sample preparation, corrosion 

testing, SEM, XRD, XPS, Hardness, etc. The influence of  different elements with Mg after milling 

is discussed in CHAPTER 2 and tested in CHAPTER 4: CORROSION BEHAVIOR OF 
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BINARY MG ALLOYS AFTER BALL MILLING. After this, a study was performed to 

understand the effect of milling on secondary phases in current commercial Mg-based alloys, this 

is discussed in CHAPTER 5: IMPACT OF BALL MILLING AND SPARK PLASMA 

SINTERING ON THE CORROSION BEHAVIOR OF MAGNESIUM ALLOYS WE43C AND 

AZ91E.  

An investigation was made into Mg alloys with high atomic fractions of titanium and zinc 

in CHAPTER 6: CORROSION BEHAVIOR OF MGTIZN AND MG4TIZN AFTER BALL 

MILLING AND SUBSEQUENT SPARK PLASMA SINTERING. Titanium and zinc have been 

shown to form corrosion-resistant intermetallic phases, support the development of protective 

oxide layers, and reduce localized corrosion by promoting more uniform corrosion40,41.  

CHAPTER 7: MULTI-PRINCIPAL ELEMENT ALLOYS CONTAINING 

MAGNESIUM explores corrosion behavior of seven Mg-based MPEAs, highlighting the potential 

of these alloys’ unique corrosion behavior due to intermetallic phases and oxide/hydroxide surface 

films, with detailed evaluations of their microstructural and electrochemical properties.  

To step toward addressing the global energy crisis, CHAPTER 8: LIGHTWEIGHT 

MAGNESIUM BASED ALLOYS focuses on developing novel Mg alloys inspired by the findings 

in earlier chapters. By leveraging insights into alloying strategies, processing techniques, and 

corrosion mechanisms, this chapter presents the design and evaluation of an alloy that is not only 

lighter than aluminum but also exhibits superior corrosion performance compared to magnesium, 

representing a significant step forward in materials innovation for energy-efficient applications.  

The summary conclusions of this work and future directions of Mg-based ball milling 

research is discussed in CHAPTER 9: CONCLUSIONS AND OUTLOOK. CHAPTER 10: 
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SUPPLEMENTARY contains supplementary data of all the alloys synthesized and tested during 

this study.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview and brief history of Mg 

As one of the lightest structural metals, Mg, is a compelling choice in alloy design for 

applications that prioritize weight reduction, like transportation42,43. The use of Mg in various 

industries is motivated by its high specific strength, desirable electromagnetic and damping 

capabilities, potential as a biodegradable implant, and its high recyclability44–47. However, Mg has 

a low standard reduction potential (-2.13 VSCE) which results in significant corrosion susceptibility, 

limiting its broader adoption. In structural applications where durability and longevity are 

essential, Mg's inherent corrosion vulnerability has driven researchers to search for solutions to 

enhance its resistance. 

Since the proposition of Mg as an element in the mid-1700s and with the preparation of it in a 

usable form in the early 1800s, the corrosion behavior of this metal has been under scrutiny48. 

From those early observations of corrosion product formation in environments with moist air to 

studies in aqueous corrosion, researchers quickly moved to alloying Mg with Al, as early as 190849. 

Initially these alloys were proposed for biomedical applications due to their lightweight and 

biocompatible mechanical properties, however the excessive hydrogen evolution that is ubiquitous 

with the corrosion of Mg called those applications into question50. Researchers and manufacturers 

shifted focus to applications in transportation, automobiles and aircraft, in the 1930s and 40s, with 

the development of AZ91 (9 % Al and 1 % Zn)51,52. Since the 1930s, the AZ series of alloys has 

been joined in service by the EZ series (containing zinc and rare earth elements) in the 1960s and 

the WE series (incorporating yttrium and rare earth elements) from the 1980s. The most popular 

alloys AZ91E and WE43C are still used, where they can be, mostly in aviation as internal 

components where corrosion is less of a concern52. 
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Despite the adoption in some components, widespread use of Mg alloys is limited due to their 

poor corrosion performance especially in moist atmospheres and aqueous environments. The 

behavior of Mg in aqueous solutions has been thoroughly studied, but there remains some 

controversy regarding the specific mechanisms at play in the aqueous corrosion of Mg, which 

behaves uniquely. In the most comprehensive discussion on the mechanisms of Mg corrosion to 

date Guang-Ling Song, in his book,  highlights Mg's high reactivity and its tendency to form 

loosely adherent, porous hydroxide layers, which offer limited protection and contribute to 

ongoing corrosion challenges53. Recently, Song and Atrens further expanded on these insights, 

clarifying points of contention around phenomena like the Negative Difference Effect (NDE) and 

Anodic Hydrogen Evolution (AHE), and emphasizing the need for continued innovation to 

enhance Mg's performance in advanced applications54. These controversies are discussed in detail 

in the subsequent section.  

2.2 Corrosion mechanisms and controversy 

At room temperature, corrosion of pure Mg occurs in aqueous environments by the 

electrochemical splitting of water at the free corrosion potential 53,55,56, with Mg dissolution leading 

to the formation of Mg(OH)2 and hydrogen gas (Eq. 1).  

 𝑀𝑔+2𝐻2𝑂=𝑀𝑔(𝑂𝐻)2+𝐻2 (1) 

This overall reaction reflects the anodic and cathodic processes involved in Mg corrosion. 

During this process, Mg's high energy facilitates rapid water splitting through electrochemical 

reactions, increasing the solution’s pH due to the low solubility of Mg(OH)2
57, which precipitates 

on the metal’s surface. This buildup contributes to a local alkalinity at the corroding Mg surface, 

up to 10.3 pH58. The hydroxide alters the chemical equilibrium between H+ ions and the water. 

There is little contention that this is the process which occurs, and that corrosion of Mg is always 
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accompanied by hydrogen evolution. The reaction steps can be broken up to further detail the 

point.  

 𝑀𝑔 →𝑀𝑔2++2𝑒− (2) 

   

 𝐻2𝑂+ 𝑒
− → 𝑂𝐻−+

1

2
𝐻2  (3) 

   

Where Equation 3 is the cathodic hydrogen evolution (CHE) reaction, which contributes 

to the localized increase in alkalinity mentioned previously. The rate of CHE may be measured 

from cathodic polarization curves, which tend to obey Tafel kinetics below the open circuit 

potential (OCP) but can sometimes disagree beyond ~100 mV (below OCP)54. With the increase 

of cathodic polarization, the increase of the CHE reaction and the CHE decreases with increasing 

anodic polarization.  

The Pourbaix diagram collected by Song illustrates the regions of corrosion and passivity 

for magnesium along with what species are potentially stable or forming, shown in Figure 2.1. 

Additional cathodic processes are possible, Equation 4 details the reaction that may form 

magnesium hydride.  

 𝑀𝑔+2𝐻2𝑂+2𝑒
− → 𝑀𝑔𝐻2+2𝑂𝐻

− (4) 

Traces of MgH2 have been found among the corrosion products after Mg has been corroded 

in an aqueous environment59,60. This reaction may provide some cathodic current density during 

corrosion of Mg, though it is widely acknowledged that the CHE (Eq. 3) provides the main thrust 

of cathodic corrosion current density at OCP60,61.  

The negative difference effect (NDE) is a key aspect of Mg corrosion, observed when Mg 

undergoes anodic polarization62. Unlike most metals, Mg shows an increased hydrogen evolution 

rate as polarization potential becomes more positive, with hydrogen generation during anodic 

polarization exceeding that at the open circuit potential (OCP)63. Interestingly, hydrogen evolution 
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can also begin under slightly cathodic conditions, leading Song et al. to generalize the NDE 

definition to account for a wider range of potentials54. This generalized NDE concept is essential  

to understand Mg’s unique electrochemical behavior and measured corrosion rates. However, the 

exact causes of the NDE remain debated.  

 

The CHE reaction does not account for all hydrogen collected during Mg corrosion at the 

OCP, nor is it solely responsible for hydrogen evolution under anodic polarization. Then the anodic 

reaction expressed by Equation 2 does not sufficiently explain the increased hydrogen evolution 

that is experimentally measured the anodic process.  There is disagreement in the literature 

regarding the mechanistic causes of anodic hydrogen evolution (AHE), although it is widely 

accepted that CHE is not the primary contributor to hydrogen generation. The disagreements over 

the AHE of Mg divide into two primary differing theories: 

 

Figure 2.1. Pourbaix diagram developed by GL Song53. 
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1. “Incomplete film unipositive Mg+ (IFUM) mechanism” brought forth by Song and 

Atrens 54,64,65. 

2. “The enhanced catalytic activity (ECA) mechanism” favored by Frankel and Birbilis66–

68. 

The next sections detail these contrasting theories and discuss their merits and points of contention. 

2.2.1 Incomplete film unipositive Mg+ mechanism 

This mechanistic explanation traces back to Petty's still-controversial 1954 suggestion that 

Mg’s anodic behavior may involve a unipositive Mg state rather than the usual dipositive state69. 

Through a series of experiments in aqueous solutions, Petty and colleagues observed Mg 

dissolution accompanied by unexpected hydrogen evolution and a reduction product indicative of 

a unipositive state. They hypothesized that, in the initial stages of oxidation, Mg forms Mg⁺ ions, 

which are highly reactive and quickly convert to Mg²⁺, thus contributing to the overall hydrogen 

generation. This early theory laid the groundwork for Song and Atrens' later expansions on Mg’s 

unique electrochemical behavior in 1997 and 199962,70. They incorporated the unipositive Mg+ ion 

hypothesis with the partially protective film mechanism to explain the NDE69,71,72. 

The partially protective film mechanism describes a model in which Mg forms a thin, semi-

passive layer of Mg(OH)2 or MgO on its surface in aqueous environments. This film offers limited 

corrosion resistance but fails to fully prevent degradation73. Over time, cracks, pores, or localized 

breakdown points develop in the film, allowing aggressive ions like chloride to penetrate and reach 

the Mg beneath. This penetration accelerates corrosion by creating sites for localized reactions, 

including pitting and hydrogen evolution. Figure 2.2 shows the mechanisms proposed by GL 

Song74. 
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Figure 2.2. Visual description of IFUM mechanism proposed by GL Song74. 

For the incomplete film unipositive Mg+ mechanism (IFUM) model, Mg initially dissolves 

to form Mg+ ions, which then react with water, releasing hydrogen gas, Equation 5.  

 𝑀𝑔→𝑀𝑔++𝑒− (5) 

   

 𝑀𝑔++𝐻2𝑂→𝑀𝑔
2++

1

2
𝐻2+𝑂𝐻

− (6) 

As the applied potential increases, the rate of Mg⁺ formation rises, accelerating its reaction 

with water and resulting in hydrogen evolution (Eq. 6). This early theory of Song and Atrens 

received significant criticism from Thomas et al. (Frankel and Birbilis)68
. They argue that Petty's 

original experiments provided only circumstantial evidence. A study by Samaniego and Frankel 

replicated Petty’s experiments, but with in-situ Raman spectroscopy, to observe molecular species 

formed during polarization75. They found that Mg corrosion generated reduced sulfur species like 

SO₂, which could have acted as reducing agents for permanganate ions, rather than the unipositive 

Mg⁺ ions Petty proposed. Their findings suggest that the presence of unipositive Mg in aqueous 
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conditions could be unlikely, refuting Petty’s conclusions and casting doubt on the validity of Song 

and Atrens' explanation. 

Additional studies by Birbilis, Frankel and collaborators have called the IFUM theory into 

question, through numerous studies. Curioni performed real time imaging of corroding Mg 

surfaces and found that anodic polarization leads to the formation of dark surface regions that 

enhance hydrogen evolution, with these regions propagating rapidly under anodic conditions but 

not during cathodic polarization76. This study suggested that the negative difference effect is due 

to increased cathodic current during anodic polarization, arising from the change in the surface 

conditions. A similar study was performed by Kirkland and Birbilis attempting to show that the 

dissolution stoichiometry is centered around n = 2, they conclude as much but do concede that 

their results actually showed stoichiometry from n = 1.75 to 277. Using atomic emission 

spectroelectrochemistry, Światowska et al. investigated the anodic dissolution of magnesium in 

NaCl and Na2SO4, observing an n = 2 dissolution stoichiometry without evidence of Mg+ 

intermediates78. This suggests instead that NDE is a result of cathodic activation. This suggestion 

has been corroborated by SVET tests, showing that anodic dissolution is highly localized and 

accompanied by significant cathodic activity, and additional anodic current causes these cathode 

areas to grow more rapidly and thus an increase to the hydrogen evolution reaction79,80.  

Recently, Song and Atrens have updated their model to account for these criticisms54. They 

begin by invoking quantum mechanics as a limitation, that simultaneous transfer of two electrons 

is not possible54,81 suggesting that the theory of activation transition state of chemical kinetics 

expects an intermediate54,82. They cite additional theoretical studies showing that sequential loss 

of two electrons is easier than the simultaneous loss of both in one step81,83. They bring up a recent 

study by Zhang et al. using modified scanning electrochemical microscopy (SECM) with a redox 
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mediator, the authors detected univalent Mg⁺ ions during magnesium’s anodic dissolution, 

supporting their role in the NDE84.  

They propose a modification to IFUM which stands on the aforementioned theoretical 

studies, to argue that the univalent cation of Mg has enough energy capacity to split water. They 

elaborate that the intermediate cannot persist in solution and may exist in various other forms (e. 

g. Mg.Mg2+, Mg+
ad, or Mg*OH), transitioning quickly and providing a plausible explanation of 

the NDE. Song and Atrens then present modified mechanistic equations, Equations 7 and 8.  

 𝑘𝑀𝑔+→𝑘𝑀𝑔2++𝑘𝑒− (7) 

   

 (1−𝑘)𝑀𝑔++(1−𝑘)𝐻2𝑂→(1−𝑘)𝑀𝑔
2++(1−𝑘)𝑂𝐻−+

1

2
(1−𝑘)𝐻2 (8) 

 

These modified anodic reaction equations include a new factor, k, which is a fraction of 

unipositive Mg+. The splitting of water occurs by the remaining unipositive Mg+ ions (1 - k) by 

the reaction of Equation 8. They reason that this reaction occurs purely chemically, meaning that 

it does not produce an electron flux. Since only a portion, represented by (1 – k) of Mg+ reacts 

non-electrochemically with water, the effective valence of Mg in the overall reaction is (1 + k), 

which they note is less than 2.0. They assert that this explains why the predictions of Faraday’s 

Law underestimate the actual amount of Mg that is dissolved. The summation of the modified 

IFUM Equations 7 and 8 show that hydrogen evolution is driven by an anodic process, so the rate 

of hydrogen evolution increases with increasing potential, which matches well to the experimental 

observation of NDE. Additionally, they point out that IFUM accounts for hydrogen evolution 

occurring at the same location as Mg dissolution, however, it does not suggest that some hydrogen 

evolution from CHE can still occur in areas that are film free.  
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2.2.2 Points of contention for the updated IFUM mechanism 

While IFUM mechanism provides a satisfying theoretical framework that neatly explains 

the NDE in aqueous corrosion of Mg, aligning with thermodynamic principles and with theoretical 

evaluations there are some issues in this author’s opinion that challenge its broader applicability. 

Despite the appeal of its ease of explanation for the colocation of hydrogen evolution and Mg 

dissolution, and that its predictions align with some experimental, though qualitative, observations 

of NDE there are some caveats that need to be considered.  

1. Misrepresentation of quantum mechanics  

Song and Atrens suggest that quantum mechanics forbids simultaneous two-electron 

transfers, thereby necessitating a unipositive Mg+ intermediate. Their citation81 of the book 

by J. Bockris discusses quantum mechanics with respect to electrochemistry but this work 

never asserts that quantum mechanics “forbids” a multi-electron transfer and indeed Song 

and Atrens undercut their point by citing 83,85 which are theoretical studies that show the 

favorability of stepwise electron transfer, but do not negate or refute the possibility of direct 

transfer only they suggest stepwise reactions have more favorability. Furthermore, studies 

by Zusman and Beratan concur that sequential and two-electron transfer mechanisms are 

feasible, despite their complexity86. The two-electron transfer process is well documented 

for other materials87,88, not to mention all the studies referenced or authored by Birbilis and 

Frankel77–79,89–91. By oversimplifying and perhaps misrepresenting quantum mechanical 

principles, the IFUM mechanism may overstate the need for a sequential electron transfer 

path and overlook other feasible electron transfer pathways that could contribute to Mg 

dissolution and hydrogen evolution. 

2. Theoretical calculations with limited experimental validation 
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The IFUM mechanism since the Petty experiments and through the latest iterations still 

relies quite heavily on theoretical calculations. Song and Atrens site these studies81,83 

without making mention of the assumptions inherent in those calculations which were 

based on idealized surfaces and single-crystal behavior. While informative, these 

theoretical studies lack experimental validation and fail to represent real corrosion 

environments, where defect-laden structures and polycrystalline materials are prevalent. 

This reliance on idealized conditions limits the mechanism’s practical relevance, 

underscoring the need for further empirical testing. Additionally, Song and Atrens base 

their argument on the highly transient nature of Mg⁺, which reacts with water in 

milliseconds54, casting doubt on the feasibility of experimentally validating the presence 

of Mg⁺ in such dynamic conditions. 

3. Ambiguity in evidence of Mg+  

 

The authors of the IFUM mechanism cite the study by Zhang et al.84, which used SECM 

to experimentally detect the existence of the unipositive Mg+ ion. Song and Atrens made 

no mention of the limitations of this technique, nor that Zhang et al. could not definitively 

confirm the precise form of Mg+ in solution, and it is possible that Mg+ may exist instead 

as an adsorbed intermediate or other surface-bound reactive state. To address this 

ambiguity, Song and Atrens suggest that Mg⁺ may exist in various forms and emphasize 

that Mg⁺ may only be stable on the Mg surface, not as a freely diffusing ion. Although this 

broadens the possible interpretations, it also highlights the challenge of directly validating 

Mg⁺ as a distinct intermediate in the dissolution process, putting more doubt on whether 

this can be validated.  
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The IFUM mechanism advances an appealing structure for explaining the NDE, it relies 

heavily on theoretical assumptions, ambiguous intermediate forms, and does not provide a 

pathway for experimental validation which raises significant questions about its overall 

consistency and applicability. These limitations underscore the need for further empirical research 

to clarify the mechanisms at play in the corrosion of Mg, especially where anodic dissolution is 

concerned.  

2.2.3 Enhanced catalytic activity corrosion mechanism 

As an alternative to the IFUM mechanism, the enhanced catalytic activity (ECA) corrosion 

mechanism was brought forth by Birbilis, Frankel and collaborators to explain anodic dissolution 

of Mg66,67, and particularly to explain the NDE during anodic polarization. According to their 

explanations the anodic reaction proceeds as historically thought, explained by Equation 2 and 3, 

with a two-electron transfer of Mg to Mg2+. They posit that these equations account for all 

hydrogen evolved during the corrosion of Mg. Their phenomenological model also suggests that 

anodic regions on Mg transform into cathodic sites over time, sustaining the hydrogen evolution 

reaction and spreading corrosion activity across the surface. Additionally, they posit that Mg 

dissolution and hydrogen evolution are linked, with anodic dissolution potentially driving 

localized hydrogen evolution, independent of the applied current. 

The increased hydrogen evolution observed under anodic polarization is thought to be the 

result of a catalyst on or near the Mg surface that accelerates the CHE. The ECA mechanism 

suggests that anodic polarization increases the effective exchange current density, which implies 

that the catalytic activity for hydrogen evolution rises with an increasing potential. Which deviates 

from classic Tafel behavior, where exchange current density remains constant, requiring the 

catalyst to dynamically increase in response to anodic polarization.  
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Birbilis et al. observe that, during anodic dissolution, a dark region forms on the Mg 

surface, which they identify as a bilayer film of MgO and Mg(OH)2. This region sustains and even 

enhances hydrogen evolution, essentially acting as a catalytically active surface for the hydrogen 

evolution reaction (HER)67. The authors suggest that this enhanced activity could be due to several 

factors, such as the enrichment of noble metal impurities (like iron) at the Mg surface, incongruent 

dissolution, or changes in surface chemistry. While they do not pinpoint a single “catalyst” they 

argue that the process of anodic dissolution creates more cathodically active sites, potentially 

through these mechanisms.  

While Birbilis et al. offer a compelling explanation that anodic dissolution could enhance 

catalytic activity on the Mg surface, their interpretation has drawn criticism from other researchers. 

Notably, Song and Atrens have argued that Birbilis’s conclusions may rest on an incomplete or 

ambiguous attribution of the catalytic effect54.  

Song and Atrens point out that the catalyst is unidentified and can’t be unipositive Mg+, 

because Birbilis, Frankel, and collaborators maintain that anodic reaction is a two-electron process. 

Additionally, they suggest that Birbilis may implicitly attribute increased catalytic activity to 

exposed metallic Mg itself, perhaps due to the emphasis on anodic dissolution exposing virgin Mg 

sites. However, Song and Atrens counter that bare metallic Mg does not inherently accelerate 

hydrogen evolution, referencing their earlier work70,92 to demonstrate that increased hydrogen 

evolution is proportional to exposed Mg surface area rather than due to any intrinsic catalytic 

property. They argue that this overlap with their findings weakens the originality of Birbilis’s 

proposed mechanism by suggesting that the observed catalytic activity is not a novel phenomenon 

but rather an extension of previously established behavior54.  
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Song and Atrens argue that enhanced catalytic activity likely involves additional factors, 

such as impurity enrichment or surface-bound species, which Birbilis et al. mention but don’t fully 

quantify or isolate. While Birbilis’s mechanism is suggestive, it lacks detail on how impurities or 

surface modifications specifically drive the increased catalytic activity, leaving parts of the 

mechanism speculative and open to further validation. However, it would appear that Birbilis, 

Frankel, and collaborators have more empirical evidence for their explanation 65–67,78,93, in contrast 

to the hypotheses and theoretical numerical solutions with scant empirical evidence of Song and 

Atrens. 

2.2.4 Points of contention for the ECA mechanism 

Perhaps the strongest criticism from Song and Atrens of the ECA mechanism proposed by 

Birbilis, Frankel, and Thomas is the lack of direct identification of the catalyst. Song and Atrens 

argue that, without isolating a specific catalyst, attributing enhanced catalytic activity to anodic 

dissolution or exposed Mg alone remains speculative. Song and Atrens also point out experimental 

discrepancies in current density behavior and the distinct physical locations of anodic and cathodic 

hydrogen evolution, which challenge the ECA model’s assumptions and underscore the need for 

a more complete explanation of these phenomena54. Despite this, the ECA mechanism offers 

valuable insights into the processes occurring during anodic polarization, particularly by 

suggesting impurity enrichment and increases in exchange current density as plausible contributors 

to the observed increased hydrogen evolution. However, there are notable limitations to the ECA 

model, which raises questions about its ability to fully explain the NDE. The following three 

critiques outline these limitations in greater detail:  

1. Overreliance on assumptions 
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Birbilis, Frankel, and collaborators rely on conjecture toward the role of impurities, exchange 

current densities, and surface films in their models. The overreliance on speculative factors 

like impurity enrichment or bilayer films as the main drivers for enhanced catalytic activity, 

leaves the model without robust experimental support, weaking the practical applicability of 

the ECA mechanism as a whole. The authors do admit that more work needs to be done to 

confirm the role of their assumptions, but no papers have yet been published to fill this gap.  

2. Lack of environmental relevance 

All three studies predominantly use high-purity Mg under controlled conditions, which does 

not fully reflect the behavior of commercially relevant Mg alloys in complex real-world 

environments. While these studies are useful for understanding the fundamental mechanisms 

of Mg corrosion, if their hypotheses on catalytic activity hinge on the presence of impurities, 

it would be relevant to test samples under conditions that mirror real-world applications. 

Although Birbilis, Frankel, and Thomas collectively argue against the validity of the 

unipositive Mg⁺ approach and provide evidence to support their stance, their alternative 

explanation leaves gaps. The proposed mechanism offers only a partial view of the NDE without 

entirely accounting for the observed variability in hydrogen evolution across diverse Mg systems 

and conditions. This leaves the ECA mechanism as an incomplete replacement rather than a 

definitive answer to the complexities of Mg dissolution during anodic polarization.  
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2.3 Types of corrosion of magnesium alloys 

Magnesium alloys are highly reactive and prone to various types of corrosion, particularly 

in chloride-containing and complex aqueous environments. Corrosion mechanisms in magnesium 

range from general corrosion, which occurs uniformly, to more localized forms like pitting and 

filiform corrosion, which are accelerated by environmental factors and alloy microstructure. The 

following sections explore these corrosion types in detail, examining how specific conditions, 

alloy compositions, and galvanic interactions influence magnesium's degradation. 

2.3.1 General corrosion 

Magnesium is an active and highly reactive metal, particularly vulnerable to corrosion in 

aqueous solutions especially acid and neutral chloride ion solutions. When Mg is in contact with 

water, the dissolution of the Mg matrix takes place, producing a surface film of magnesium 

hydroxide and hydrogen gas, as detailed by the reactions in the previous section. Although the 

hydroxide layer forms a hexagonal crystal structure with alternating Mg and OH anions the 

bonding is weak, making the film susceptible to cracking and limiting its protective 

capabilities47,94. Additionally, Mg(OH)2 only forms in highly localized areas where the dissolution 

of Mg increases the solution’s alkalinity at the site, providing sufficient thermodynamic stability 

for Mg(OH)2 to precipitate95.  

General corrosion across the surface of Mg is uniform and tends to be less destructive than 

localized corrosion like intergranular and pitting corrosion96. While general corrosion is usually 

less harmful, it still impacts the integrity of Mg alloys and is heavily influenced by composition 

and environmental factors96,97. In complex environments, like simulated body fluids (SBF) 

containing various inorganic ions, proteins, and glucose, the degradation mechanisms are more 

complicated95,98. Upon immersion in SBF, the formed Mg(OH)2 layer, can develop Ca/P-rich 
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apatite and CaCO3 films due to interactions with Ca²⁺ and H2 PO4⁻ ions. Reinforcements in the Mg 

matrix serve as sites for hydroxyapatite (HA) nucleation, with Mg-Si3N4 additives promoting 

greater HA precipitation than Mg-Al2O3 additives, enhancing bio-corrosion resistance up to a 

threshold, after which corrosion may increase due to manufacturing defects99. A similar 

phenomena is observed with SO4
2- ions in simulated sea water, where the surface film formation 

and ion adsorption is more complex than in simple NaCl environments100. These ions contribute 

to a partially protective Mg(OH)2 layer, which slows down but does not fully prevent localized 

dissolution. The presence of SO₄²⁻ also mitigates the aggressive effects of Cl⁻, reducing localized 

corrosion through competitive adsorption on the Mg surface100. 

2.3.2 Galvanic corrosion 

In environments such as NaCl solutions, Mg alloys readily form galvanic couples when in 

contact with metals like stainless steel or titanium, with Mg alloys acting as active anodes that 

preferentially corrode. These galvanic effects can occur even within the same Mg alloy if it 

contains secondary phases or impurities, which establish microscopic galvanic couples between 

the magnesium-rich matrix (acting as the anode) and the higher-potential secondary phases (acting 

as cathodes)101. The non-uniform composition, microstructure, and crystallographic orientation in 

Mg alloys contribute to these micro-scale galvanic cells, where the anodic dissolution of Mg is 

driven by potential differences with adjacent cathodic phases, accelerating localized 

degradation102. When Mg alloys are in galvanic pairs with more noble metals, the potential 

difference between them directly influences the degradation rate, increasing with greater electrode 

potential differences. However, adjusting the galvanic corrosion behavior between Mg and 

secondary phases, such as through alloying with rare earth or transition metals to form long-period 
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stacked ordered (LPSO) structures, has shown potential to improve corrosion resistance by 

moderating the electrochemical response103,104. 

2.3.4 Localized corrosion: pitting and filiform 

Localized corrosion, such as pitting and filiform corrosion are particularly destructive to 

magnesium alloys compared with general corrosion. Pitting tends to occur in areas where 

impurities or secondary phases are present, and rupture of any surface film has occurred. 

Microgalvanic cells form between the matrix and impurities or secondary phases, initiating pits 

that expand as corrosion accelerates. Over time, corrosion products precipitate and accumulate, 

eventually filling the pits105,106. Factors like grain size, alloy composition, and environmental 

conditions, especially the presence of chloride ions in solutions, influence the extent and 

development of pitting104,107. Finer grain structures generally reduce the occurrence of pitting, as 

seen in AZ31B magnesium alloys processed through friction stir processing, which exhibit a shift 

from pitting to general corrosion with improved resistance108.  

Though the initiation of pitting and filiform corrosion usually occur concomitantly, filiform 

corrosion typically spreads shallowly along the surface via different paths like underneath an oxide 

film or surface coating. In saltwater environments, filiform corrosion forms localized 

electrochemical cells, with the anode at the filament head and the cathode at the tail109. This setup 

drives Mg dissolution at the head, allowing Mg(OH)2 to deposit and inactivate over time, forming 

new microgalvanic pairs with uncorroded areas that advance the filament.  Environmental factors 

and microstructure strongly influence corrosion type and progression104,106. Environmental factors 

and microstructure play a significant role in determining the type and progression of corrosion. 

For instance, Mg–3Zn alloys exhibit pitting in Na2SO4 but develop filiform corrosion in NaCl110. 

The loose corrosion product in NaCl allows Cl⁻ ions to migrate into the film, with high chloride 
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concentrations forming the filament head. Additionally, secondary phases influence corrosion 

pathways; in Mg–8Li, corrosion advances through the secondary phase, whereas in Mg–Zn–Y–Zr 

alloys, it remains within the Mg matrix due to greater electrochemical differences110,111. 

2.4 Impact of microstructure and alloying on corrosion resistance 

The microstructure of Mg alloys, encompassing factors such as grain size, phase 

distribution, and defect density, plays a critical role in corrosion behavior. Grain refinement can 

improve corrosion resistance by enhancing passive film stability, while alloying introduces 

secondary phases that further modify the matrix and corrosion dynamics66,112–114. Alloying 

elements influence corrosion by forming secondary phases that may be either deleterious or 

advantageous, depending on environmental conditions and electrochemical interactions. 

2.4.1 Effect of grain refinement 

Grain size refinement, achieved through techniques like mechanical alloying, friction stir 

processing, or severe plastic deformation,  increases grain boundary density. This increase can 

provide paths for rapid corrosion initiation, but it may also hinder the propagation of corrosion 

fronts, potentially improving overall corrosion resistance by reducing localized attack108,112,114–116. 

For Mg alloys, refined grains often contribute to the formation of a more uniform and stable 

passive film, particularly in neutral and alkaline NaCl environments, enhancing their protective 

capabilities117. However, the benefits of grain refinement can be offset by residual stresses or 

dislocations introduced during the processing, which may also increase susceptibility to corrosion 

under certain conditions108,114,117,118. The balance between these effects makes the choice of 

refinement technique and understanding of the resulting microstructure crucial in tailoring 

corrosion resistance. 
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2.4.2 Alloying elements and secondary phases 

A variety of alloying elements are present in commercially available magnesium alloys, 

the most popular “AZ” series alloys are made up of 3-9 wt.% Al, 1% Zn, and ~0.5 % Zr, while the 

next most common series “WE” are made up of ~4-6% Y and 2-3% Gd or Nd. The AZ series of 

alloys are used sparingly in automotive and aerospace applications, but only in use cases where 

corrosion is not a concern.  

The addition of aluminum in the AZ series alloys leads to the formation of the β-phase 

(Mg17 Al12), which has a significant impact on the corrosion behavior. Studies have shown that the 

morphology and distribution of the β-phase are key factors in whether the effect will be positive 

or negative119,120. When the secondary phase forms as a continuous network along grain 

boundaries, it acts as a barrier, limiting the spread of corrosion within the Mg matrix120. However, 

when present as isolated particles, the β-phase can accelerate corrosion through microgalvanic 

effects, due to its more positive corrosion potential. The galvanic activity intensifies localized 

corrosion around the secondary phase particles. The balance between barrier protection and 

galvanic activity is controllable through heat treatments, as homogenization and aging treatments 

alter the morphology, influencing corrosion performance accordingly119.  

The addition of yttrium in WE series magnesium alloys, along with rare earth (RE) 

elements such as neodymium and gadolinium, has been shown to stabilize the corrosion product 

layer on the Mg alloy surface by forming oxides like Y₂O₃, which provide a more compact and 

protective layer121–123. These elements tend to form stable intermetallic phases, which enhance the 

thermal stability of the alloy at elevated temperatures. There is some debate, however, regarding 

whether the intermetallic compounds formed by Y and RE elements exhibit a higher or lower 

corrosion potential relative to the Mg matrix, which would affect the galvanic activity124–126. 
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Specifically, Y-rich regions can act as local cathodes, potentially accelerating galvanic corrosion 

depending on their morphology and distribution. Conversely, a network structure of Y-rich phases 

can act as a barrier, slowing down corrosion. This literature controversy over the role of Y and RE 

additions is examined further in CHAPTER 5: IMPACT OF BALL MILLING AND SPARK 

PLASMA SINTERING ON THE CORROISON BEHAVIOR OF MAGNESIUM ALLOYS 

WE43C AND AZ91E.  

Other alloys have been produced using Ca, Zr, Si, Sr, Sn, Th, Ti, Sc, Ce, Li and Cu, but 

alloys containing Al, Zn, Y, and Nd tend to have the best corrosion resistance100,102,108,110,111,127,128. 

However, the effect of alloying depends on the element’s solubility in Mg and its ability to modify 

the electrochemical response of the matrix. Elements that remain in solid solution can enhance the 

protectiveness of the surface, while those that form intermetallic compounds may either protect 

from or accelerate corrosion, depending on their electrochemical potential relative to the 

matrix55,104,106. For example, precipitates like Mg2Ca can act as sacrificial anodes, protecting the 

matrix115,129, whereas more noble phases can create microgalvanic couples that enhance 

corrosion119.  

The next section of this review selectively explores the literature on elements used in Mg 

alloys, focusing on those with the most significant impacts on corrosion resistance and structural 

stability. The most relevant elements are examined in detail, with attention to their unique roles in 

modifying the Mg matrix and influencing corrosion mechanisms. The following sections provide 

an in-depth look at these key elements and their contributions to alloy performance across various 

applications. 
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2.4.2.1 Zinc 

Zinc (Zn) is a valuable addition to Mg alloys due to its ability to enhance strength, control 

corrosion rates, and offer biocompatibility, making it a versatile element for both industrial and 

biomedical applications130. Key findings across several studies indicate that moderate Zn content 

in Mg alloys contributes positively to corrosion resistance by refining the microstructure, 

increasing density, and strengthening the Mg matrix131–133. However, excessive Zn content may 

lead to the formation of deleterious intermetallics, such as MgZn2 , which can create micro-

galvanic cells that accelerate corrosion in chloride environments133,134.  

Cai et al. demonstrated that alloying Mg with Zn beyond its solubility limit (approximately 

6 wt.%) leads to a network-like distribution of the MgZn phase along grain boundaries, which can 

detrimentally impact corrosion resistance by increasing galvanic activity and promoting Mg 

dissolution133. In their study, Mg-Zn alloys with around 5 wt.% Zn exhibited optimal corrosion 

resistance, attributed to a refined grain structure and a balanced Zn distribution within the Mg 

matrix. Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) 

measurements in a simulated body fluid (SBF) environment suggested the presence of a surface 

film, although its stability and protectiveness appear limited. The EIS data for these Mg-Zn alloys 

revealed two distinct capacitive loops: a high-frequency loop attributed to Mg dissolution and a 

medium-frequency loop associated with the influence of a surface film. While the medium-

frequency loop suggests some surface film resistance, it is likely that this "film" behaves more as 

a transient corrosion product layer rather than a stable, passivating layer. Rather than providing 

durable passivation, this layer appears semi-protective, intermittently disrupted as Mg 

preferentially dissolves. This dissolution could locally increase pH, potentially slowing Zn 

corrosion for brief periods135. Notably, higher Zn-content alloys, like Mg-7Zn, exhibited lower 
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film resistance values than Mg-5Zn, suggesting that any surface film on Mg-7Zn is less protective 

or more quickly compromised by intensified galvanic activity from the MgZn phase network131,132. 

Thus, the enhanced corrosion resistance observed at 5 wt.% Zn likely results more from an 

optimized phase balance and refined grain structure than from any durable passivation effect.  

Non-equilibrium processing may further enhance corrosion resistance by increasing Zn 

solubility and homogenizing Zn distribution in Mg alloys, which reduces detrimental phase 

formation134–136. This refined microstructure, as observed in ball-milled Mg-Zn alloys, enhances 

dissolution stability and could reduce localized corrosion, extending the benefits reported by Cai 

et al. for optimized Zn content133,135. However, ball milled Mg-Zn alloys can also show heightened 

initial reactivity in aggressive environments like NaCl, emphasizing the importance of tailored 

evaluations to optimize both alloy reactivity and corrosion resilience135.  

Cao et al. showed that increasing Zn solubility in Mg to form an amorphous structure can 

effectively stem hydrogen evolution, a typical byproduct of Mg corrosion. Their Mg64Zn36 alloy, 

produced by magnetron sputtering, exhibited no hydrogen evolution in a NaCl solution, attributed 

to the high Zn content promoting an amorphous, nano-scale structure134. This suggests that similar 

structural refinement, could enhance corrosion resistance by reducing hydrogen evolution without 

relying on unstable surface oxide layers, a benefit for biomedical applications where reduced 

hydrogen generation is critical. 

For biomedical uses, multiphase Mg-Li-Zn alloys offer promising properties, with Zn 

contributing to controlled corrosion and mechanical stability, while Li enhances ductility and 

phase balance—attributes essential for biodegradable implants137. Adding rare earth (RE) elements 

like Nd to Mg-Zn alloys has been shown to further improve corrosion resistance and 

cytocompatibility, with Nd refining grain structure and reducing microgalvanic effects. In contrast, 
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Y and Gd additions have been less effective due to galvanic interactions138. Strontium (Sr) 

additions also improve corrosion resistance and mechanical strength when used at optimal levels 

(0.2% Sr), although excess Sr introduces brittleness and galvanic effects, stressing the importance 

of precise control over alloy composition139.  

Future research on Mg-Zn alloys could benefit from exploring ternary and quaternary 

alloys by combining Zn with other elements such as Ca, Sr, or Ti to further optimize corrosion 

resistance and mechanical performance139. Long-term corrosion studies are also essential, 

particularly testing ball milled Mg-Zn alloys in physiological and chloride-rich environments to 

assess their stability over time132. Additionally, optimizing ball milling processes by adjusting 

parameters to control phase distribution and prevent excessive Zn phase formation may help 

reduce galvanic corrosion risks136. 

2.4.2.2 Titanium 

Titanium (Ti) was not commonly studied in magnesium until recently, as the desire to find 

new biocompatible and biodegradable materials has increased140. Magnesium provides a close 

match to bone’s elastic modulus, which reduces the risk of stress shielding, a common issue with 

more rigid metals like titanium and stainless steel141. However, magnesium alone degrades too 

quickly in physiological environments, posing challenges for stable implantation. Alloying 

magnesium with titanium significantly enhances its corrosion resistance while retaining its 

biocompatibility. Studies indicate that Mg-Ti alloys, especially Mg80-Ti20, show a marked 

improvement in corrosion resistance in simulated body fluids, reducing the rate of hydrogen gas 

evolution and improving the alloy's overall stability140. 

The corrosion mechanisms in Mg-Ti alloys are complex and influenced by the alloy’s 

microstructure and phase distribution. Titanium contributes to corrosion resistance through the 
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formation of stable oxide TiO2, which protects the underlying magnesium from rapid 

degradation140,141. In Mg-Ti alloys processed by methods like mechanical alloying and spark 

plasma sintering, fine titanium dispersions within the magnesium matrix act as corrosion barriers, 

inhibiting localized corrosion141. Additionally, physical vapor deposition techniques used by 

Bohne, and others indicate that Ti-rich Mg coatings exhibit significantly improved corrosion 

resistance, even at relatively high Ti contents, as these coatings foster uniform oxide films with 

limited defect formation142.  

The solubility of Ti within the Mg matrix is a crucial factor that influences corrosion 

performance. When Ti is finely dispersed, it creates a more homogeneous structure, reducing 

localized corrosion due to galvanic effects that often occur between different phases141. While the 

solubility limit of Ti in Mg is relatively low143, advanced processing methods may increase Ti's 

solid solubility, potentially leading to a uniform distribution that enhances the corrosion resistance 

of Mg-Ti alloys.  

However, certain challenges exist with Mg-Ti alloys. As observed by Bohne, high Ti 

content on Mg substrates can lead to galvanic corrosion if there are any coating defects, which 

emphasizes the importance of processing methods that minimize structural flaws142. Additionally, 

studies by Song indicate that the corrosion protection is maximized when Ti content is high enough 

to dominate the alloy, as lower Ti levels tend to form non-protective corrosion layers144.  

Exploring extension of solid solubility of Ti in Mg to improve homogeneity and thereby 

improve corrosion behavior could be valuable. Combining Ti with other elements, like Zn, may 

further refine the microstructure and improve corrosion resistance, making these alloys more 

versatile for biomedical and structural applications.  
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2.4.2.3 Calcium 

Adding calcium (Ca) to Mg alloys shows mixed results in corrosion performance with 

higher Ca content. While small additions, particularly at 0.1 wt.% Ca, have been reported by Deng 

et al. to enhance corrosion resistance significantly, yielding rates lower than ultra-high purity Mg 

and other Mg alloys145. Deng et al. hypothesized that this microdose of Ca slowed the water 

reduction reaction of Mg, with a stable CaO/MgO mixed oxide layer that they claim suppresses 

anodic behavior. However, corrosion rates increase significantly when Ca levels approach or 

exceed its solubility limit (~1.35 wt.% in Mg), with higher Ca contents correlating with 

exceptionally rapid corrosion146,147. Notably, these findings from Deng’s study, conducted in 3.5 

wt.% NaCl, align with other “microalloying” research on Ca's beneficial role in corrosion 

resistance145,148,149. However, the Pourbaix diagram does not indicate stability for their proposed 

species, raising questions about the mechanisms involved.  

However, Seng et al. detected the presence of CaO on the air formed surface of a low Ca 

content alloy, indicating that the hypothesis from Deng could be right149. Microstructurally, Ca has 

been shown to refine grains, a factor that improves the overall integrity of the apparent corrosion-

resistant film. For example, lower Ca concentrations (Mg-0.79Ca) led to smaller grain sizes and a 

more homogenous microstructure, which not only increased corrosion resistance but also 

improved mechanical properties like strength and hardness. However, higher Ca levels introduce 

Mg2Ca phases that act as microanodes, potentially increasing corrosion through microgalvanic 

interactions115,150. The improved corrosion performance is credited to solubility of Ca within the 

Mg matrix at such low alloying levels, reducing introduction of secondary phases149.  

Mg-Ca alloys have also shown improved corrosion performance when coupled with 

surface treatments like burnishing. Salahsoor et al. showed that introduction of compressive 
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residual stresses and increased surface hardness were correlated with improved corrosion 

performance148. They reasoned that the corrosion rate was improved as a result of the more uniform 

microstructure created by post-processing. When combined with Ca additions, such treatments 

could be valuable in applications requiring controlled, uniform degradation rates. 

For future research, exploring the combined effects of Ca and other alloying elements (such 

as Zn) on the stability and uniformity of the corrosion-protective film may yield further 

improvements in Mg alloy performance. Additionally, studies on processing methods like ball 

milling, which can increase solubility and refine the grain structure, may offer pathways to 

developing Mg-Ca alloys with optimized corrosion properties suited for both industrial and 

biomedical applications. Additionally, more in-depth surface characterization could clarify the 

precise mechanisms underlying improved corrosion resistance. For example, secondary phases 

may corrode preferentially, producing a denser corrosion product than pure Mg, which could offer 

greater protection to the Mg matrix. Some studies have shown that CaCO3 and (MgCa)CO3 form 

at the surfaces of Mg-1Y alloys, but that with increasing content of Ca the stability of the corrosion 

product layer deteriorates151. 

2.4.2.4 Aluminum 

Due to its solubility and low density, aluminum (Al) has been a popular alloying choice in 

magnesium, significantly improving strength and often enhancing corrosion resistance152–154. 

Within the solubility limit, Al reduces Mg’s anodic reaction rates and shifts corrosion potential 

positively. Consequently, Mg-Al alloys typically show a corrosion potential slightly higher than 

pure Mg in chloride environments155–158. Among commercial Mg alloys, the AZ series offers some 

of the lowest corrosion rates, balancing corrosion resistance and mechanical strength130,159.  
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As previously noted, the secondary β-phase (Mg17Al12) can negatively impact corrosion 

performance by promoting stress corrosion cracking and enhancing cathodic reactions, leading to 

an overall increase in corrosion rate160. Though Al is soluble in Mg up to 12 wt.%, this solubility 

is temperature-dependent; at room temperature, it decreases, resulting in secondary phase 

formation even in low Al-content alloys. Under open circuit conditions, the β-phase acts as a 

cathode, causing the alloy's cathodic activity to increase with higher Al content (assuming standard 

solubility limits) 130,160,161.  

Studies indicate that Al additions up to approximately 3 wt.% yield optimal corrosion 

resistance, particularly when alloys are extruded or solution-treated152. These processes refine 

grain structure and control β-phase formation153. As mentioned previously, the distribution and 

morphology of the β-phase can influence the alloy’s corrosion resistance, with finer distributions 

showing less susceptibility to galvanic effects compared to larger, isolated regions33,155.  

Ball milling presents a promising approach to further enhance Al's beneficial effects in Mg 

alloys by potentially increasing Al's solid solubility in the Mg matrix, refining the microstructure, 

and reducing the size and quantity of β-phase precipitates152,153. Extending solid solubility in this 

way could allow for higher alloying additions previously limited by the formation of intermetallic 

compounds, as seen in Mg-Al-Li or Mg-Al-Y alloys 155,156. In Mg-4Y-xAl alloys, for instance, an 

optimal Al content of around 2 wt.% provided the best corrosion resistance due to refined phase 

distributions, while higher Al levels led to increased corrosion rates from destabilizing phase 

formations. 

Moreover, Al additions affect the formation and stability of protective surface films on Mg 

alloys. Higher Al content encourages the formation of Mg(OH)2 and aluminum-based hydroxides, 

such as Mg-Al layered double hydroxides especially during steam treatments. These compounds 
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enhance corrosion resistance in chloride environments by trapping corrosive ions and forming 

stable protective layers162. For example, AZ61 alloys treated with steam coating showed superior 

passivation due to these dense, composite films, suggesting that controlled Al content coupled with 

surface treatments can significantly enhance Mg alloy durability.  

Further investigation into the combined effects of Al with alloying elements like Ti, Zn, or 

Ca in Mg-Al alloys may reveal additional stabilization of protective layers, optimizing both 

mechanical and corrosion properties. Long-term studies on these alloys in varied physiological 

environments, including pH changes and chloride exposure, would provide valuable insights for 

practical applications152,155. 

2.4.2.5 Indium 

Indium (In) has gained interest as an alloying element in Mg systems for its potential to 

fine-tune corrosion resistance. Due to its low solubility in Mg and low melting temperature (~156 

°C), indium’s effects are nuanced and often depend on alloy composition and processing 

conditions163,164. Usually added as tertiary element in low quantities with other elements, the 

effects of indium on the system are varying. On one hand In has been shown to be useful in 

controlling the size and distribution of β-phase precipitates in Mg-Al alloys, and yet 

simultaneously was blamed for an enhancement to corrosion rate at elevated temperatures by 

reducing the protective quality of an “oxide” film on the surface165,166. This destabilization is likely 

due to indium’s effect on the cathode-to-anode ratio, which encourages localized pitting167.  

In Mg-Zn systems, however, indium has shown promise for enhancing both corrosion 

resistance and hardness. Studies have shown that prolonged mechanical alloying of Mg-Zn-In 

systems refines the grain structure and allows the formation of fine Mg-In phases, which shift the 

corrosion potential to less negative values, thereby improving corrosion resistance in environments 
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like Ringer's solution168. However, this effect is highly sensitive to alloying and processing 

parameters; excessive milling, for instance, may result in porosity when formed, which undermines 

long-term corrosion resistance. By dispersing indium more evenly within the Mg matrix and 

refining intermetallic phases, ball milling could help control indium’s activation effect, stabilizing 

any potential protective film that forms on the alloy surface. This approach might be particularly 

advantageous in biomedical applications, where corrosion rates need to be carefully balanced for 

biodegradable implants168.  

Bao et al. investigated the effects of indium additions on the negative difference effect 

(NDE) in magnesium alloys, particularly focusing on Mg alloys with 0.5, 1.0, and 1.5 wt.% indium 

in a 0.1 M NaCl solution. Their study demonstrated that increasing indium content effectively 

reduces the NDE, as reflected by a decrease in anodic hydrogen evolution and a lower exchange 

current density for the hydrogen evolution reaction169. This decrease suggests a weakened cathodic 

activity, stabilizing the alloy’s surface. Additionally, higher indium levels led to fewer surface 

cracks and more stable corrosion morphology, indicating enhanced surface film stability.  

Indium has shown potential in improving corrosion resistance in Mg alloys, though its 

effects are complex and vary based on environmental conditions and alloy composition. While 

increased indium content can reduce the negative difference effect (NDE) and stabilize surface 

films, higher concentrations may also accelerate degradation, particularly in chloride-rich 

environments166,169. This highlights the need for careful optimization of indium levels and 

processing techniques to achieve corrosion resistance without compromising mechanical integrity 

or causing pitting. Research should focus on combining indium with elements like Zn or rare earth 

metals and applying methods such as ball milling to enhance solubility and refine phase 
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distribution, ultimately aiming to develop Mg alloys with controlled degradation suited for targeted 

applications. 

2.4.2.6 Lithium 

Recently, lithium (Li) has emerged as an intriguing, extremely lightweight addition to Mg 

alloys. Despite its high reactivity, Li has been shown to improve corrosion resistance in Mg alloys 

by reducing hydrogen evolution, promoting protective surface films, and forming corrosion-

resistant phases170. Li’s impact on corrosion behavior depends largely on its content and influence 

on phase structure. As Li content increases, Mg alloys transition from hexagonal close-packed 

(HCP) α-Mg structures to body-centered cubic (BCC) β-Li structures, each with distinct corrosion 

characteristics171.  

In Mg alloys with low Li content, where the alloy remains primarily α-Mg, corrosion 

resistance remains relatively high due to stable, protective surface films. As Li content increases, 

a dual-phase α+β structure develops, followed by a predominantly β-Li phase at higher 

concentrations. While the dual-phase structure introduces some susceptibility to micro-galvanic 

corrosion, especially at phase boundaries, the presence of Li2CO3 on the alloy’s surface can 

provide moderate corrosion protection by reducing hydrogen evolution170,171. However, this 

Li2CO3 layer is only stable under specific conditions; acidic or chloride-rich environments often 

compromise its protective effect due to Li2CO3’s solubility. 

Processing techniques like ball milling offer a potential route to further enhance the 

corrosion resistance of Mg-Li alloys by refining grain structures, increasing solid solubility, and 

stabilizing phase distribution172. By improving Li homogeneity in the Mg matrix, ball milling may 

mitigate microgalvanic effects and promote a more stable, corrosion-resistant microstructure. 

Additional alloying with elements like Al or Sn also shows promise: Sn reduces galvanic corrosion 
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by limiting potential differences between phases, while Al reinforces the Mg matrix and stabilizes 

surface films171,173.  

While Li additions enhance the lightweight properties of Mg alloys, further research is 

needed to optimize corrosion performance, especially in dual-phase Mg-Li alloys. Future studies 

could investigate combining ball milling with other processing methods to refine grain size and 

improve phase distribution. Additionally, exploring the effects of microalloying with elements like 

Al or Sn on surface film stability and corrosion resistance could yield valuable insights. Testing 

under diverse environmental conditions would also provide a comprehensive understanding of the 

corrosion behavior of Mg-Li alloys in real-world applications. 

2.4.2.7 Tin 

Introducing tin (Sn) into Mg alloys can significantly improve corrosion resistance through 

microstructural refinement, the formation of stable oxide layers, and phase stabilization. 

Controlled Sn additions promote uniform corrosion, increasing resistance at specific 

concentrations, while forming protective oxide layers174,175. However, excessive Sn can introduce 

galvanic corrosion concerns due to the formation of the Mg2Sn phase176.  

In alloys like AM70, minor Sn additions lead to more uniform corrosion, reducing localized 

pits that compromise structural integrity. This uniformity makes Sn-modified Mg alloys suitable 

for applications where avoiding deep pitting is critical174. Sn additions cause a controlled decrease 

in corrosion rate over extended immersion while preserving uniform degradation. Sn also enhances 

corrosion resistance by apparently forming stable Sn-containing oxides, which act as protective 

barriers up to approximately 3 wt.% Sn175. Beyond this, higher Sn levels can disrupt oxide stability 

due to excess hydrogen evolution, accelerating corrosion instead176. 
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 In chloride-rich environments, Sn-modified Mg alloys show variable behavior. Sn raises 

the corrosion potential, increasing nobility but also introducing galvanic interactions. The Mg2Sn 

phase can offer some passivation in alkaline conditions, forming Sn-rich hydroxides like 

MgSn(OH)6, though these are less stable in acidic or high-chloride media176.  

Exploring the synergistic effects of combining Sn with elements like Al or Zn in Mg alloys 

could further stabilize protective oxide layers and enhance corrosion uniformity. Processing 

techniques such as ball milling may also help achieve an optimal balance of phase stability and 

corrosion resistance by refining grain size and homogenizing alloy composition. This balanced 

approach will be essential for optimizing Sn-containing Mg alloys across diverse applications. 

2.4.2.8 Summary of the effect of added elements 

 

Figure 2.3. A summary figure a review on the effect of alloying elements on the corrosion 

behavior of Mg130. 

 
 

Figure 2.3, sourced from a comprehensive review by Gusieva et al. on the effects of 

traditional alloying elements with Mg, offers a visual reference for understanding the influence of 

various additions on corrosion behavior 130. The paper reviews the corrosion effects of a wide array 

of alloying elements in magnesium. Specifically, it examines the influence of elements such as Al, 

Zn, Ti, In, Mn, Ca, Sn, Zr, and rare earth elements like Ce, Gd, and Y, among others. Each 
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element's impact is analyzed in terms of how it affects anodic or cathodic kinetics, corrosion 

potential, and resultant corrosion rates. The figure presents relative shifts in the cathodic and 

anodic branches of polarization curves, with the length of the arrows indicating the significance of 

each element's impact. This visual tool is especially valuable in corrosion engineering, as it 

encapsulates the kinetics-driven nature of Mg corrosion. Constructed using polarization data from 

various studies, the figure highlights key insights into the behavior of select alloying elements in 

Mg. Though the limitations of the figure are obvious, it is only as good as the data it is built upon, 

and the interpretation of those data by the authors and those who view the image.  

Here is a summary of their relevant findings from Figure 2.3, throughout their discussion, 

and a summary of the prior sections on each element.  

Zn: Generally, increases corrosion rates in high concentrations, as it can form Mg-Zn 

intermetallic phases that act as local cathodes, accelerating corrosion through enhanced cathodic 

reaction rates. Can stem hydrogen evolution when in high concentration and help promote a more 

protective surface film.  

Ti: Primarily influences the rate of cathodic reaction in Mg alloys, often showing beneficial 

effects at low concentrations, especially in alloys containing Al. May form stable TiO2 layers that 

will help protect Mg, high levels of Ti require careful processing to avoid galvanic corrosion. 

Ca: Has both anodic and cathodic influences, though it has limited solubility it can help 

stabilize the Mg matrix and promote corrosion resistance at controlled levels, especially in 

biocompatible applications. At low Ca levels, a protective CaO/MgO layer forms, but higher Ca 

introduces Mg2Ca phases that, if controlled, may act as sacrificial anodes to reduce overall 

corrosion. 
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Al: Typically retards anodic dissolution below certain solubility limits, enhancing 

corrosion resistance. However, beyond these limits, Al-containing intermetallics (Mg17Al12)  can 

increase corrosion rates by intensifying cathodic activity. May refine microstructure and form 

surface film with limited protection.  

In: Tends to promote anodic activation, which can increase anodic dissolution and overall 

corrosion rates in binary Mg alloys. However, when kept below its solubility limit, indium can 

enhance corrosion resistance by reducing the NDE and stabilizing surface films. Its effectiveness, 

though, varies with alloy composition and environmental conditions, requiring precise 

optimization. 

Li: Can enhance corrosion resistance by forming protective Li2CO3 films and enabling 

stabilizing phase transitions, although higher Li levels may introduce microgalvanic effects, 

requiring controlled processing. 

Sn: May improve corrosion resistance in Mg alloys by promoting uniform corrosion and 

forming stable Sn oxide layers, though excessive amounts can lead to galvanic corrosion due to 

Mg2Sn phase formation. 

2.5 Ball milling and its role in corrosion prevention  

Ball milling is an increasingly valuable technique in materials science, especially for 

developing advanced magnesium alloys with enhanced corrosion resistance. This high-energy 

mechanical process enables significant microstructural refinement, distribution of alloying 

elements, and even formation of protective passive films, all of which can contribute to better 

corrosion performance. While traditionally used to improve mechanical properties, ball milling 

has shown potential to fundamentally change the corrosion behavior of alloys by introducing 

homogeneity and refining grain structures. The following sections discuss the specific aspects of 
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ball milling that support its effectiveness in corrosion prevention, including a general overview of 

the process, its application in alloy systems, and current findings in the field. 

2.5.1 Ball milling overview 

Ball milling is a high-energy mechanical processing technique widely used in materials 

science to alter the microstructure and composition of metallic powders, ceramics, and 

composites177. In this process, powder is placed in a jar with milling balls and subjected to high-

speed rotational motion or vibration, resulting in repeated impact and friction between the balls 

and powder particles. The resulting collisions produce intense plastic deformation and fracturing, 

leading to refined grain structures and a more homogeneous dispersion of elements withing the 

matrix178,179. There are various types of equipment used for ball milling, including planetary ball 

mills, attritors, and vibratory mills. Among these, planetary ball mills are especially popular due 

to their good energy density and effectiveness at producing ultrafine powders179.  

Key milling parameters that contribute to structural refinement include milling time, 

rotational speed, ball-to-powder weight ratio (BPR), the use of a process control agent to prevent 

cold welding, and the material of the milling media. Each of these parameters play a crucial role, 

for instance a higher BPR with longer milling duration will generally lead to finer grain sizes and 

a more uniform alloy composition180. 

Ball milling is particularly useful for processing reactive metals like Mg, which are highly 

prone to oxidation. By conducting milling in a controlled, inert argon atmosphere, researchers can 

prevent oxidation while enhancing Mg alloys with improved mechanical and corrosion-resistant 

properties. This makes ball milling a valuable approach for developing advanced Mg alloys 

suitable for multiple structural application.  
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2.5.2 Corrosion-resistance in ball milled alloys 

The benefit of high-energy ball milling (HEBM) to the mechanical properties and crystal 

structure transformations of materials has long been recognized179–182, but the effect of HEBM on 

the corrosion resistance of alloys has only recently been studied for numerous commercial and 

experimental alloys183–190. These studies demonstrate the HEBM refines the microstructure, 

introduces beneficial alloying elements, and contributes to the formation of protective passive 

films, thereby improving the corrosion performance. However, limitations in experimental design 

and analysis, including single-environment testing and incomplete mechanical property 

assessments highlight areas for further research.  

In stainless steels (SS), ball milling has shown substantial improvement to corrosion 

resistance through modifying the surface, specifically with chromium enrichment. The study by 

Lv et al. on AISI 304 SS found that extended ball milling increased the surface chromium 

content183. They reasoned that the grain refinement and increase in dislocations from milling 

lowered the activation energy of diffusion and promoted the enrichment of Cr at the surface. 

Passivation was achieved by a chromium oxide monolayer transitioning to a higher oxidation state 

within the borate buffer solution. Their results indicated that the oxidation of Cr2O3 to CrO3 was 

significantly hindered by the presence of the Cr enrichment at the surface, resulting in improved 

corrosion performance. This chromium-rich passive layer, combined with a refined grain structure, 

provided a compact and stable barrier against corrosion, reducing defect pathways and enhancing 

charge transfer resistance. Despite these benefits, the study's limitation to borate buffer testing 

conditions calls for broader environmental testing to assess real-world applicability.  

Similarly, HEBM has demonstrated corrosion resistance improvements in Al-based alloys, 

particularly in commercial grades like AA5083184,185. Esteves et al. used Mott-Schottky analysis 
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and EIS to demonstrate that ball-milled alloys exhibited significantly lower donor density, with a 

protective passive film contributing to their improved corrosion resistance184. Additionally, 

introducing other elements like V through milling has shown further stabilization to passive films 

and improvement of corrosion resistance of AA5083. In a second study by Esteves et al., they 

alloyed AA5083 with varied amounts of V and found that 5 wt. % of V added to the microstructure 

resulted in fewer and shallower pits and lower defect density in the passive film which yielded 

better protection185. However, both studies focus on short-term testing in a single NaCl 

environment with limited mechanical analysis, underscoring the need for confirmation through 

testing in varied environments, over longer durations, and with more comprehensive mechanical 

analysis to fully demonstrate the robustness of these modifications to AA5083.  

A study by Ozdemir et al. explored the effects of HEBM and age hardening on the 

corrosion resistance of AA2024, AA6061, and AA7075 alloys, revealing that the resulting 

nanocrystalline structures, with grain sizes below 100 nm, enhanced corrosion performance and 

reduced pitting susceptibility by minimizing coarse intermetallic phases that typically serve as 

corrosion initiation sites186. The microstructural refinement also facilitated the formation of a more 

stable passive oxide layer, which contributed to the alloys' enhanced corrosion resistance. 

Additionally, the study found that ball milled alloys exhibited increased hardness due to grain 

refinement and extended solid solubility, although further testing on other mechanical properties, 

such as ductility and toughness, was not conducted. Similar to other studies, the short-term NaCl 

testing environment suggests a need for additional testing in diverse conditions to confirm the 

durability of these enhancements. 

Testing on experimental alloys is also evident in the literature. A study by Gupta et al. 

added 20 wt.% Cr to Al, and HEBM produced a refined nanocrystalline structure with a uniform 
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Cr distribution. This resulted in increased yield strength and hardness due to solid solution 

strengthening and the formation of fine Al-Cr intermetallics. The refined microstructure was 

credited with promoting the formation of a stable Cr-enriched passive film that enhanced corrosion 

resistance through a  reduction in anodic activity and an increase in pitting potential186. In another 

study by Gupta et al. they made alloys of 2-10 wt. % Cr in Al and found similar results with lesser 

Cr content188. In both studies, HEBM yielded a homogenous microstructure and stable, protective 

passive film, enabling enhanced corrosion resistance and mechanical strength simultaneously.  

J. Christudasjustus and S. Witharamage extended these findings by studying binary Al-V 

alloy189,190. A supersaturated Al-V solid solution generated via ball milling and improved the 

corrosion resistance through a V-enriched passive film that resisted breakdown. The 

nanocrystalline structure achieved through HEBM, combined with the high solid solubility of V 

in the Al matrix, played a key role in enhancing corrosion resistance by stabilizing the passive 

layer. Age hardening, at 150 °C, yielded the optimal balance between improved hardness and 

corrosion resistance. The refined microstructure allowed for a positive effect of solid solution 

strengthening without compromising the alloy’s resistance to localized corrosion189.  

Their second study examined the impact of Fe-Cr contamination from the milling media, 

finding that Fe-rich particles acted as potential corrosion initiation sites. However, the V deposition 

on these particles mitigated their cathodic activity, contributing to the alloy's overall corrosion 

resistance190. The study was limited by short-term NaCl testing and a lack of mechanical testing 

beyond hardness and yield strength, suggesting future research should explore diverse corrosive 

environments, extended exposure, and broader mechanical property assessments to evaluate these 

alloys' suitability for real-world applications. 

2.5.3 Ball milled Mg-based alloys 
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While the benefits of HEBM in enhancing corrosion resistance and mechanical properties 

have been demonstrated in various Al- and SS-based alloys, similar approaches have also been 

explored in Mg-based alloys with promising results30,191–193. Ball milling plays a critical role in 

enhancing corrosion resistance in Mg alloys by refining grains, increasing surface defects, and 

introducing or modifying phases that enhance the formation of protective films, improving 

corrosion resistance in aqueous environments. Additionally, mechanical milling facilitates the 

even dispersion of elements with limited solubility within the Mg matrix, minimizing the 

formation of galvanic couples179,180. However, challenges such as contamination from milling 

media and limited environmental testing highlight areas for further research. 

 In the seminal study by Grosjean et al., high-energy ball milling (HEBM) was shown to 

significantly enhance the corrosion resistance of pure magnesium in both passive potassium 

hydroxide (KOH) and active borate solutions191. This improvement was attributed to the increased 

density and stability of the Mg(OH)2 layer, resulting from reduced crystallite size and increased 

MgO content introduced during milling. The authors proposed that oxidation contamination from 

milling may have positively contributed to MgO content, stabilizing the protective layer and 

enhancing corrosion performance. However, since the study focused on pure magnesium, its 

findings may not directly apply to alloyed systems common in industrial applications. 

Additionally, no testing was conducted on the potential long-term effects of oxygen contamination 

on mechanical properties. A similar study by Zidoune using electrochemical impedance 

spectroscopy (EIS) confirmed that HEBM enhances corrosion resistance in specific environments. 

By refining grains to approximately 34 nm and increasing grain boundary density, HEBM 

accelerated the formation of a stable Mg(OH)2 passive layer, improving corrosion resistance in 

both KOH and borate solutions194. These results highlight that HEBM can improve magnesium 
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passivation through microstructural refinement, but the effectiveness of this enhancement depends 

heavily on the corrosion environment, with passive media like KOH showing more stability than 

chloride-rich conditions. This finding underscores the need for environment-specific testing to 

fully assess the long-term corrosion resistance of ball milled Mg. 

Conversely, Kim et al. observed that HEBM followed by spark plasma sintering (SPS) 

actually reduced the corrosion resistance of pure magnesium in NaCl solution195. In this study, EIS 

and polarization tests revealed that HEBM produced a porous, unstable Mg(OH)₂ layer that rapidly 

degraded in NaCl due to increased pathways for aggressive ions through grain boundaries and 

defects.  

In simulated body fluid (SBF), Jha found that reducing crystallite size via ball milling 

improved magnesium’s corrosion resistance and bioactivity, suggesting biomedical potential196. 

Dvorský et al. further explored the effects of HEBM and extrusion temperature in SBF, concluding 

that finer grains achieved at lower extrusion temperatures improved both mechanical properties 

and corrosion resistance, while Fe contamination from milling media introduced galvanic 

corrosion197.  

Additionally, Khalajabadi et al. synthesized a magnesium-based nanocomposite with 

hydroxyapatite (HA), TiO2, and MgO through mechanical alloying and annealing, which showed 

enhanced bio-corrosion resistance and bioactivity due to the formation of biocompatible phases 

like CaTiO3 and MgTiO3
198. However, the testing was limited to SBF, and further studies in more 

aggressive environments and in vivo conditions are needed for broader applications. 

These contrasting findings illustrate that the stability of the Mg(OH)₂ protective layer on 

ball-milled Mg is highly sensitive to solution chemistry: while environments like KOH and SBF 

support a stable, protective film, aggressive solutions such as NaCl can destabilize this layer, 
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increasing corrosion susceptibility198. Research by Khan et al. on a Mg-10 wt.% Al alloy processed 

via milling and SPS further underscores the role of ball milling in corrosion improvement. The 

nanocrystalline Mg-Al alloy displayed decreasing corrosion current density with increasing SPS 

temperature with the best performance achieved at 350 °C. The increased corrosion performance 

was attributed to improved consolidation (compared to cold compaction) and increased solid 

solubility of Al. The HEBM alloy precipitated β-phase (Mg17Al12) during SPS at 350 °C but still 

demonstrated superior corrosion resistance compared to samples that did not form this secondary 

phase. This enhanced performance was attributed to the improved density achieved through SPS, 

and the authors suggested that the corrosion rate could further decrease with increased solubility 

of Al in the Mg matrix and a homogeneous distribution of fine Mg17Al12 precipitates. They 

suggested that homogeneously distributed fine precipitates in nanocrystalline materials may 

reduce microgalvanic interactions and thus decrease the corrosion rate, citing studies on other 

alloys such as those containing REs and Zn. However, they did not provide evidence that Mg17Al12 

specifically behaves this way. In contrast, other studies, including119,199, indicate that the β-phase 

in Mg-Al alloys may actually promote microgalvanic corrosion, raising questions about the 

applicability of their cited claims to this alloy system. This ambiguity leaves open the question of 

whether increased Al solubility is genuinely beneficial for corrosion resistance in Mg-Al systems. 

In a related study, Khan et al. examined binary Mg-5M alloys (wt.%) with elements like 

Zn, Ti, Y, Ge, Ta, Mo, Mn, Cr, and V. They observed that Mg-5Zn showed significant 

ennoblement and the lowest overall corrosion rate, with Zn fully dissolved in the Mg matrix. 

However, the study offered limited insights into the mechanisms behind these effects, focusing 

instead on how different alloying elements influenced cathodic, anodic, and overall open circuit 

behavior193.  
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These studies collectively highlight that while HEBM can significantly enhance corrosion 

resistance in magnesium, the underlying mechanisms remain underexplored, with few studies 

deeply correlating microstructural changes from ball milling to long term corrosion behavior. This 

scarcity presents the need for more targeted, environment-specific research to fully realize the 

potential of HEBM for corrosion-resistant Mg alloys. 

2.6 Multi-principal element alloys 

Multi-Principal Element Alloys (MPEAs) represent a paradigm shift in alloy design, 

characterized by the inclusion of multiple principal elements in near equiatomic proportions200,201. 

This compositionally complex approach expands beyond conventional alloy systems to explore 

vast compositional spaces, enabling the discovery of unique properties such as high strength, 

thermal stability, and excellent corrosion resistance202,203. The high configurational entropy in 

these systems promotes the stabilization of single-phase structures, such as face-centered cubic 

(FCC) or body-centered cubic (BCC), which enhances both mechanical and corrosion 

properties204,205.  

The corrosion resistance of MPEAs is closely linked to their microstructural homogeneity. 

Reduced phase segregation and uniform elemental distribution contribute to the formation of stable 

and protective passive films, which mitigate localized corrosion. For example, Ti- and Nb-

containing MPEAs exhibit exceptional passivation behavior206. Studies highlight the importance 

of incongruent dissolution, which refers to the non-uniform corrosion of an alloy in which specific 

elements preferentially dissolve or accumulate on the surface, often influenced by the alloy's 

composition and electrochemical environment. Incongruent dissolution can be beneficial in the 

context of corrosion resistance for multi-principal element alloys (MPEAs) as it may lead to 

selective enrichment of specific elements, such as Cr or Ti, on the alloy surface. This enrichment 
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forms highly stable oxide layers like Cr2O3 or TiO2, which enhance the passivation of the alloy 

and reduce further corrosion207–209. Literature indicates that the inclusion of these elements can 

promote the formation of robust, protective oxide layers. In contrast, phase-separated oxides or 

regions of segregation often lead to localized corrosion and inferior resistance201.  

Traditional alloy processing methods face significant limitations in the production of 

MPEAs due to equilibrium constraints. The immiscibility of certain elements can lead to unwanted 

intermetallic phases and microstructural heterogeneities. This necessitates advanced processing 

techniques like rapid solidification or non-equilibrium methods to achieve the desired single-phase 

microstructures210. Researchers have underscored that microstructural and compositional tuning, 

often achieved through advanced processing techniques like high-energy ball milling, can further 

enhance these protective mechanisms211–213. Despite their promising attributes, traditional 

synthesis methods for MPEAs face challenges, particularly in achieving uniform mixing and 

avoiding intermetallic phase formation. Limited miscibility under equilibrium conditions often 

results in phase segregation, undermining the potential benefits of MPEAs200,201,208. Innovative 

approaches, such as mechanical alloying and rapid solidification, are being explored to address 

these issues and expand the applicability of MPEAs in environments requiring high corrosion 

resistance214–216. 

2.6.1 MPEAs containing Mg 

Studies incorporating Mg into MPEAs primarily focus on applications like hydrogen 

storage and low-density alloys, with limited research available on the corrosion performance of 

Mg-containing MPEAs. This highlights a critical gap in understanding how these alloys might be 

tailored to resist corrosion effectively.  
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Cermak et al. synthesized the Mg-containing MPEA AlMg2TiZn, aiming to create a 

lightweight alloy for hydrogen storage. Using high-energy ball milling, they produced a dual-phase 

structure consisting of a body-centered tetragonal TiAl-like phase and a hexagonal close-packed 

Mg phase. The ultrafine microstructure, with crystallite sizes below 10 nm, contributed to 

enhanced hydrogen sorption and desorption properties216. While corrosion was not the study's 

focus, the observed stability and phase behavior suggest promising avenues for corrosion 

resistance research in Mg-containing MPEAs under similar processing conditions.  

Similarly, Marques et al. used ball milling to synthesize MgTiNbCr0.5Mn0.5Ni0.5 and 

Mg0.68TiNbNi0.55 for hydrogen storage. Their findings highlighted the formation of a BCC phase 

in MgTiNbCr0.5Mn0.5Ni00.5 and a simpler, more homogeneous microstructure in 

Mg0.68TiNbNi0.55
215. These results emphasize the potential of ball milling to refine microstructures 

and minimize secondary phases—attributes that are crucial for enhancing corrosion resistance in 

Mg-containing MPEAs by reducing localized corrosion sites and promoting protective film 

stability. Al-Mg-Zn-Cu-Si lightweight alloys with varying Si/Mg ratios (Al35Mg30−xZn30Cu5Six , 

where x = 5, 10, 15) were synthesized via electric melting to investigate their mechanical properties 

and corrosion behavior by Ji and collaborators217. The study revealed that increasing the Si/Mg 

ratio enhanced the formation of FCC phases while reducing Mg-Al-Zn and eutectic phases, leading 

to significant improvements in hardness and compressive strength. Corrosion resistance in 0.6 M 

NaCl also improved with higher Si content, as evidenced by decreased corrosion current density 

from 1.44 μA/cm² (x = 5) to 0.92 μA/cm² (x = 15). Enhanced microstructural uniformity and 

reduced intermetallic content contributed to the stability and effectiveness of the corrosion product 

films. This work highlights the critical role of composition optimization, particularly through 

elemental ratios like Si/Mg, in designing Mg-containing MPEAs.  
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Low-density Al-Mg-Li-based MPEAs have been synthesized via induction melting218. 

These alloys demonstrated challenges in achieving homogeneous solid solutions, often exhibiting 

multiphase microstructures dominated by intermetallic phases. Notably, Al80Li5Mg5Zn5Sn5 and 

Al80Li5Mg5Zn5Cu5 displayed better ductility due to their Al-rich chemistries. The findings 

highlight the difficulty of achieving homogeneous solid solutions in low-density systems, 

providing insights into the phase formation challenges relevant to designing Mg-containing 

MPEAs with improved corrosion resistance.  

Incorporating ball milling as a processing technique for Mg-containing MPEAs offers 

significant potential for addressing the gaps in the literature on corrosion resistance. By refining 

phases, promoting dissolution mechanisms, and encouraging the formation of protective films by 

elements like Ti and Zn, ball milling can directly influence the microstructure and corrosion 

behavior of Mg-containing MPEAs. These tailored microstructures not only advance the 

understanding of phase stability and protective film formation but also provide a pathway to 

overcome the current lack of comprehensive studies linking processing techniques, microstructure, 

and corrosion performance in these alloys. 

2.7 Summary  

This literature review highlights the potential of ball milling, combined with targeted 

alloying, as a promising strategy to enhance the corrosion resistance of magnesium alloys. 

Magnesium’s desirable properties, such as low density and biocompatibility, make it an attractive 

structural material. However, its intrinsic corrosion susceptibility, particularly in chloride-rich and 

aqueous environments, limits broader adoption. 
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The review began by discussing corrosion mechanisms, including the NDE, with differing 

theories on its cause. Despite ongoing debates, a consensus underscores magnesium’s need for 

tailored alloying and processing to stabilize protective films and reduce hydrogen evolution. 

Attention was then directed to specific alloying elements, such as Al, Zn, Ti, and rare 

earths, that modify the microstructure and corrosion behavior of magnesium. Alloying elements 

can enhance corrosion resistance by refining grain size, creating stable oxide films, and reducing 

the formation of galvanic cells within the microstructure. Nonetheless, the effectiveness of these 

additions is highly dependent on their distribution and integration within the magnesium matrix, 

which presents challenges in conventional alloying methods. 

Ball milling, as a high-energy mechanical alloying process, shows significant promise for 

addressing these challenges. The process enhances corrosion resistance by refining grain 

structures, dispersing alloying elements uniformly, and increasing solid solubility limits. Studies 

on ball milled magnesium alloys demonstrate that this technique not only improves passive film 

formation but also allows for a more homogeneous microstructure, which is critical in preventing 

localized corrosion. Research on ball milling with various alloying elements suggests that this 

approach could produce magnesium alloys with enhanced corrosion properties, particularly when 

tailored to specific environments. 

In summary, combining ball milling with carefully chosen alloying elements appears to 

offer an effective pathway for creating magnesium alloys with improved corrosion resistance. This 

approach addresses limitations in conventional alloying and provides a flexible framework for 

developing next-generation magnesium alloys suited to demanding structural and biomedical 

applications. Further research into environment-specific testing and alloying combinations will be 

essential to realizing the full potential of ball milled magnesium alloys. 
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CHAPTER 3: METHODOLOGY 

3.1 Materials 

Metallic powders were obtained from various suppliers or provided by collaborators. The 

details of each powder are listed in Table 3.1. All powders were stored in an argon atmosphere 

glovebox with O2 levels below approximately 10 ppm and H2O levels below 15 ppm 

Table 3.1. Specifications of metallic powders used in this study, including supplier, particle size, 

and CAS number.  

 

Material Supplier 
Size 

(µm) 
CAS 

Magnesium, Mg Alfa Aesar <44 7439-95-4 

Titanium, Ti Sigma-Aldrich <44 7440-32-6 

Zinc, Zn Goodfellow <150 7440-62-2 

Indium, In Sigma-Aldrich <44 7440-74-6 

Tin, Sn Sigma-Aldrich <149 7440-31-5 

Aluminum, Al Sigma-Aldrich <5 7429-90-5 

Aluminum-Lithium, Al-20Li Sigma-Aldrich <149 87871-87-2 

Tantalum, Ta Sigma-Aldrich 149-250  7440-25-7 

Vanadium, V Atlantic Equipment Engineers <44 7440-62-2 

Niobium, Nb Atlantic Equipment Engineers <149 7440-03-01 

Germanium, Ge Sigma-Aldrich <149 7440-56-4 

Calcium-Oxide, CaO Fisher Scientific <841 1305-78-8 

Chromium, Cr Sigma-Aldrich <149 7440-47-3 

Yttrium, Y Sigma-Aldrich <500 7440-65-5 

Silicon, Si Sigma-Aldrich <44 7440-21-3 

Cerium, Ce Thermo Scientific Chemicals <250 7440-45-1 

Copper, Cu Sigma-Aldrich <44 7440-50-8 

Elektron® 43, WE43C, Mg-4Y-3Nd-

0.5Zr 
Luxfer Magtech 75-200 

Mg - 7439-95-4 

Y - 7440-65-5 

Nd - 7440-00-8 

Zr - 7440-67-7 

Elektron® 91, AZ91E, Mg-9Al-1Zn Luxfer Magtech 75-200 

Mg - 7439-95-4 

Al - 7429-90-5 

Zn - 7440-66-6 

Mg-5Ca Luxfer Magtech 75-200 
Mg - 7439-95-4 

Ca - 7440-70-2 

Mg-10Ca Luxfer Magtech 75-200 
Mg - 7439-95-4 

Ca - 7440-70-2 
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3.2 Ball milling equipment and parameters 

The metal powders and alloys having been procured from suppliers were of various sizes, 

detailed in Table 3.1, were used for ball milling into various compositions for each study. All 

alloys were produced for this work using a Fritsch Pulverisette 5/4 planetary mill, Figure 3.1. 

 

 

 

Ten grams of metallic powders were placed in stainless steel bowls with stainless steel balls under 

an argon atmosphere. The bowls were sealed, and ball-to-powder ratios (BPR) of 20:1 or 40:1 

were used, with most experiments utilizing a BPR of 40:1. Milling times were 24, 75, or 100 hours, 

with 30-minute rest intervals every hour to prevent overheating. In some experiments, 1.5 wt.% 

stearic acid was added as a process control agent (PCA) to minimize sticking and agglomeration. 

After milling, the powders were recovered in a glovebox under argon and stored for subsequent 

use. Table 3.2 details the range of settings used in this study. 

Figure 3.1. Fritsch Pulverisette 5/4 used in this 

study219.  
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Table 3.2. Ball mill settings used in this study 

 

3.3 Bulk sample formation 

Cold compaction (CC) and spark plasma sintering (SPS) were used to form bulk parts 

suitable for mechanical and corrosion testing.  

Cold compaction was performed using a Carver AutoPellet press in manual mode (Figure 

3.2a). The process involved a gradual pressure increase over 10 minutes, reaching a peak of 3 GPa, 

which was then held for 10 minutes before ejection. Powders were loaded into a tungsten carbide 

(WC) die and punch system under an inert argon atmosphere and subsequently transferred to 

ambient air for pressing. This resulted in solid pellets of ~7 mm diameter and 2-2.5 mm thickness. 

A representative compacted sample is shown in Figure 3.2b.  

 

Figure 3.2. (a) shows the Carver AutoPellet1 and (b) shows a sample after compaction. 

Mass of powder  10 g 

Ball-to-powder (BPR) ratios 20:1 & 40:1 

Speed 280 RPM 

Time 24, 75, &100 h with 30 min rest per hour 

Process control agent (PCA) 0-1.5 wt. % 

Post milling Kept in argon atmosphere 
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For SPS the alloyed powders were sent to collaborators at Cleveland State University. 

Consolidation was conducted under uniaxial pressure ranging from 50 to 70 MPa and temperatures 

between 300 and 550 °C. Graphite was placed between the powder and the WC die and punches 

to prevent sticking and ensure conductivity. The resulting SPS specimens had diameters ranging 

from approximately 10 mm to 20 mm and thicknesses between 2.5 mm and 6 mm.  

Differential Scanning Calorimetry (DSC) was employed to determine the melting behavior 

of the mechanically alloyed powders, enabling an informed selection of sintering temperatures for 

SPS. The DSC analysis provided key insights into the thermal transitions, specifically identifying 

onset temperatures for melting and any phase transformations occurring prior to melting. Samples 

were heated under an inert atmosphere to prevent oxidation, with temperature ramps set to capture 

the specific heat flow changes associated with the alloy compositions. The data obtained from 

DSC allowed for the identification of optimal sintering temperatures below the primary melting 

points, ensuring consolidation without significant melting or phase decomposition. This approach 

was essential for achieving a dense, stable microstructure in the final SPS-processed samples, 

while maintaining the refined microstructural features generated during mechanical alloying. 

3.4 Characterization 

Samples were prepared for various analyses following Buehler's recommended procedure 

for Mg-based alloys220. This procedure was used for microscopy, energy-dispersive X-ray 

spectroscopy, and photoelectron spectroscopy. Samples were polished to a 0.05 µm finish using 

ethanol and MetaDi® oil-based diamond slurry, with a final polish using Buehler MasterPolish® 

water-free, high-purity alumina and colloidal silica. Buehler TexMet® C intermediate polishing 

cloths were used for the 9, 3, and 1 µm polishing steps, followed by final polishing and cleaning 
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on a ChemoMet® fine polishing cloth. Each sample was cleaned with ethanol or isopropyl alcohol 

and sonicated for 2 minutes between each step. The final cleaning step involved polishing with 

only ethanol on a virgin Buehler ChemoMet® pad to remove any residual MasterPolish®. For 

corrosion testing, samples were ground to 1200-grit SiC paper using ethanol exclusively as a 

lubricant. 

3.4.1 Density 

The density of each sample was determined via Archimedes' principle, utilizing a Sartorius 

Quintix65-1S balance paired with a VF4601 density measurement kit. Calculations followed 

Equation 1, where m  represents the sample's mass in air, ɟfl the density of the fluid, ɟa  the density 

of air, and Gcorr  the adjusted difference in sample mass between air and the fluid. A correction 

factor for the hanger assemblies was applied in the computation of Gcorr. 

 𝜌= 
𝑚𝑎∙(𝜌𝑓𝑙−𝜌𝑎)

𝐺𝑐𝑜𝑟𝑟
+ 𝜌𝑎 (1) 

 

Ethanol was chosen as the immersion fluid to minimize errors related to hydrogen 

evolution during measurements. The ethanol density was determined by recording the temperature 

and referencing the lookup table provided by Sartorius. Each density measurement was conducted 

in triplicate, with a 10-minute drying period between repetitions. 

3.4.2 Hardness 

Vickers’ microhardness was measured on the CC and SPS samples using a Mitutoyo HM-

112 digital microhardness tester using a diamond tip with a load of 0.5 kgf (4.903 N). Samples 

were ground to 1200 grit SiC using ethanol as a lubricant prior to testing.  



   

59 

 

Nanoindentation tests were conducted on a Bruker Hysitron TI980 Triboindenter using a 

Berkovich tip, applying a 1000 µN load with a 10-second hold time and 20-second loading and 

unloading ramps. At least 10 measurements were taken across different areas of each sample. The 

statistical data was organized in Excel and visualized using Origin Pro. Sample surfaces were 

polished to 0.05 µm prior to indentation as detailed above.  

The reduced modulus (Er) is measured by the nanoindenter and can be turned into the 

materials elastic modulus by knowing the tip properties and estimating each material’s Poisson’s 

ratio (ν) using the rule of mixtures. Equation 2 describes this where Ey is the elastic modulus, ν𝑎 

is the Poisson’s ratio estimated for the alloy, ν𝑖 is the Poisson’s ratio of the indenter tip, which was 

0.07, and 𝐸𝑖 is the elastic modulus of the tip which was 1140 GPa.  

 
𝐸𝑦= 

1−ν𝑎
2

1
𝐸𝑟
−
1−ν𝑖

2

𝐸𝑖

 
(2) 

 

 

 

 

3.4.3 X-ray diffraction 

X-ray diffraction on the powders and SPS samples was performed using a Rigaku 

SmartLab X-ray Diffractometer equipped with a Cu-K𝛼 radiation source (λ = 1.541862 Å), set to 

40 kV and 44 mA. Scans covered a 2θ range of 20° to 80°, with a scanning speed of 1.0 to 2.0 

degrees per minute and increments of 0.02 degrees. Prior to analysis, samples were ground flat 

with 1200-grit SiC paper and polished to a 0.05 µm finish, as detailed previously. X’Pert 

HighScore Plus software was utilized for tasks including background subtraction, Cu-Kα2 

removal, peak fitting, and comparison with reference diffraction patterns. 
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The full width at half maximum (FWHM) values were obtained using Origin Pro, and the 

crystallite size and lattice strain were calculated via the Williamson-Hall method221. The observed 

peak broadening in the x-ray diffractograms is influenced by peak width as a function of 2θ. 

Specifically, broadening caused by lattice strain varies inversely with tan θ, while that due to 

crystallite size is proportional to cos θ. This relationship is expressed in Equation 3, where K is the 

shape factor (assumed spherical), D represents the average crystallite size, Ů denotes the lattice 

strain, and ɓ is the peak broadening. 

 𝛽𝑡𝑜𝑡= 𝛽𝑠𝑡𝑟𝑎𝑖𝑛+  𝛽𝑠𝑖𝑧𝑒−𝛽𝑠𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡= 
𝐾𝜆

𝐷𝑐𝑜𝑠𝜃
+4𝜀𝑡𝑎𝑛𝜃 (3) 

 

Instrumental broadening was accounted for by collecting diffraction data from a 99.8% 

pure magnesium cube sourced from ThermoFisher Scientific. The cube was heat-treated by heating 

to 400 °C in an oxygen atmosphere furnace at a rate of 50 °C per hour, holding for 1 hour, then 

cooling to 300 °C within the furnace, and finally cooling to room temperature by natural 

convection. Sample preparation for XRD followed the procedures described in the prior section. 

In the βcosθ vs. sinθ plot, strain is determined by the slope, and crystallite size by the intercept on 

the ordinate. Nonlinear behavior in this plot has been reported as an indicator of significant 

stacking faults within the crystalline structure. 

3.4.4 Optical microscopy 

Optical microscopy was performed using a VM-100 Digital Stereo Microscope, with in-

situ immersion and corrosion imaging automated via Python to capture sets of three images at 

specified intervals. Samples were embedded in epoxy with a copper wire attached at the back for 

electrical connection, ensuring that only the polished surface was exposed to the solution. Each 
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sample surface was polished to 0.05 µm, following the procedure outlined in the microscopy 

section. 

3.4.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) was conducted using multiple instruments over the 

course of this study, including a Hitachi UHR SU8700, Verios 460L, Hitachi SU3900 VP SEM 

(for post-corrosion imaging), and a JEOL JSM-6010LA. Beam conditions varied depending on the 

analysis needs, typically ranging from 2 to 20 kV. Energy-dispersive X-ray spectroscopy (EDS) 

was performed using an Oxford spectrometer, with imaging supported by a backscattered electron 

detector, generally operated at 20 kV and high current. Oxford AZtec software was utilized for 

collation and analysis, including EDS mapping, area scans, point analyses, and line spectra. 

3.4.6 Scanning transmission electron microscopy 

A ThermoFisher Helios 5 Hydra DualBeam focused ion beam (FIB) milling was used to 

create samples for TEM, where an initial ~0.3 µm layer of Pt was deposited over a 10 µm × 3 µm 

region using a 2 kV electron beam to protect the surface. A thicker, 2 µm Pt layer was then added 

with a 30 kV ion beam. The area surrounding this Pt-coated region was milled out at 30 kV. Both 

side surfaces of the lamella were subsequently cleaned, and an inverted J-cut was introduced to 

facilitate transfer onto a grid. At this stage, the lamella had a thickness of roughly 2 µm. Once 

mounted on the grid, further thinning and polishing reduced the thickness to approximately 80 nm, 

with ion beam voltage gradually lowered from 15 kV to 5 kV for both front and back surfaces. 

Selected area electron diffraction (SAED) and bright-field imaging were conducted on an 

FEI Talos, operating in micro-diffraction mode at 200 kV. Elemental maps were gathered in 

scanning transmission electron microscopy (STEM) mode using a Super-X EDS detector, with 

simultaneous acquisition of high-angle annular dark field (HAADF) images. 
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Images were analyzed and corrected using Crystallographic Tool Box (CrysTBox) by 

Miloslav Klinger and ImageJ by Wayne Rasband. The open-access database, Materials Project, 

was used to cross reference phase diagrams and determine possible intermetallic species. 

3.4.7 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was conducted to examine the surface 

composition of alloys for airborne surface analysis and following a 5-minute immersion in a 0.1 

M NaCl solution. Prior to XPS the specimens were polished to a 0.05 µm finish. XPS 

measurements were carried out using a SPECS system equipped with a PHOIBOS 150 analyzer. 

Spectra were collected over an area ranging from 38 to 78 mm², with a bandpass energy set to 24 

eV for survey scans and 20 eV for high-resolution scans. The vacuum chamber was maintained at 

a pressure of 10⁻⁹ torr, and binding energies were calibrated against the C 1s peak, set at 285.0 eV. 

Casa XPS software was used to process the spectra and quantify atomic concentrations. The data 

available in the NIST database were used to ensure the correct range of binding energies and 

FWHMs were used for peak fitting.  

 

 

3.5 Corrosion testing 

Corrosion performance was assessed through potentiodynamic polarization (PDP) testing 

using a Biologic VMP-300 potentiostat. Sample surfaces were prepared by grinding with 1200-

grit SiC sandpaper and lubricated with ethanol. A conventional three-electrode configuration was 

used within a flat cell (Princeton Applied Research), featuring a platinum mesh as the counter 

electrode and a saturated calomel electrode (SCE) as the reference. All PDP measurements were  
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Figure 3.3. A schematic (left) of the electrochemical test setup and actual lab equipment (right). 

conducted in 0.1 M NaCl or 0.6 M NaCl solutions at room temperature under ambient conditions. 

Some alloys were tested in Hanks’ Balanced Salt Solutions (HBSS) with cells immersed in a water 

bath to maintain a temperature of 37 °C. Prior to polarization, the open-circuit potential (OCP) 

was recorded for 20 minutes. Potential scanning commenced 200 mV below the OCP at a rate of 

1 mV/s, continuing until an anodic current density of 1 mA/cm² was reached. Each test was 

repeated in triplicate for consistency. 

For electrochemical impedance spectroscopy, measurements were taken at intervals 0.5, 1, 

3, 6, 12, 18, and 24 hours. OCP was measured before each EIS test to determine Ecorr. Scans were 

conducted with a single sine wave at a 10 mV amplitude, across a frequency range from 100 kHz 

to 10 mHz, collecting ten points per decade with three measurements per point. A Bio-Logic 

Potentiostat VMP300 was used for all testing, and initial data processing was performed with EC 

Lab V11.36 software. Final curves were graphed using Origin 2021b. 
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Figure 3.4. (a) shows the VM-100 stereoscope used for in-situ corrosion imaging, (b) is an 

enlargement of the custom test cell that shows a three electrode configuration where the sample 

is mounted by a collar and the reference and counter electrode are secured above.  

 

A custom in-situ imaging of corrosion setup was constructed, and imaging was performed 

in a glass jar, a SCE was used as a reference, and a platinum mesh was used as a counter. Samples 

were mounted in epoxy with a sleeved copper wire affixed to the back of each sample. The 

mounted samples were seated in the jar by a custom mount that prevented the sample from moving. 

All immersion and corrosion tests were performed in 0.01, 0.1, or 0.6 M NaCl at room temperature.  
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Figure 3.5. Schematic representation (left) of gravimetric hydrogen collection from2,and actual 

laboratory setup used in this study.  

 

Hydrogen evolution was performed on some alloys in 0.1 M, 0.6 M, and HBSS solutions, 

using a gravimetric setup similar to the one detailed by Fajardo et al.2. Python was used to collect 

data from a sartorius scale and automatically calculate hydrogen evolved from change in mass 

measured.  
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CHAPTER 4: CORROSION BEHAVIOR OF BINARY MG ALLOYS AFTER BALL 

MILLING 

4.1 Introduction 

The literature review in CHAPTER 2 discussed common alloying elements used in the 

development of corrosion resistant magnesium based alloys. The elements selected in this study 

were chosen from the relevant literature shown there. Table 4.1 shows the binary alloys studied.  

Table 4.1. The binary alloy compositions were generated in this study. 

Alloy Element At. %  Wt. % Consolidation Solution  

Mg4Ti Ti 20 32.99 CC 0.1 M NaCl 

Mg3Ti Ti 25 39.63 CC 0.1 M NaCl 

Mg3Ti2 Ti 40 56.76 CC 0.1 M NaCl 

Mg3Zn2 Zn 40 64.20 CC 0.1 M NaCl 

Mg9V V 10 18.89 CC 0.1 M NaCl 

Mg3V  V 25 41.12 CC 0.1 M NaCl 

Mg9Ta Ta 10 45.27 CC 0.1 M NaCl 

Mg-5Ca Ca 3.10 5 SPS HBSS 

Mg-10Ca Ca 6.32 10 SPS HBSS 

 

Nine binary alloys were ball milled, cold compacted, and corrosion tested via 

potentiodynamic polarization (PDP) according to the methods outlined in CHAPTER 3. 

Additionally, magnesium powder was milled without any additive elements as a control to show 

the effect of milling on the corrosion of magnesium. Figure 4.1a shows the PDP curves of the 

control (MgControl) and the Ti and Zn binary alloys while Figure 4.1b shows the control, Ta, and V 

containing alloys tested in 0.1 M NaCl.  
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Figure 4.1. (a) PDP curves of Ti and Zn containing binary alloys along with the Mg control in 0.1 

M NaCl, (b) shows the PDP curves of Ta and V containing alloys in the same solution. The number 

of data points were reduced to improve clarity.  

 

Analysis of the PDP curves, shown in Figure 1a, revealed the impact of Ti and Zn additions 

on the corrosion behavior of Mg alloys prepared via ball milling, highlighting distinct shifts in 

cathodic and anodic kinetics as alloy composition changed. Each alloy composition (Mg4Ti, 

Mg3Ti, Mg3Ti2, and Mg3Zn2) demonstrated unique corrosion characteristics that were associated 

with changes in microstructure, solid solution behavior, and the formation of protective or active 

phases. 

4.2 Effect of Ti addition on cathodic and anodic kinetics 

The PDP curve for Mg4Ti (black) showed a slight reduction in the cathodic slope compared 

to the Mg control, suggesting that Ti in solid solution may have modestly reduced cathodic reaction 

kinetics. This observation aligns with XRD results (Figure 4.2), which displayed broadened and 

shifted Mg peaks with minimal evidence of separate Ti phases, indicating that Ti likely integrated 

into the Mg matrix. The shift to higher 2θ suggests lattice contraction, possibly due to local strain 

effects from the larger Ti atoms. Given Ti's larger atomic radius, it is unlikely that they substitute 

directly for Mg atoms without causing distortion; instead, they may have occupied interstitial sites 
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or induce significant local strain within the Mg matrix222. This increased solid solubility of Ti 

appears to reduce the availability of active cathodic sites, likely hindering hydrogen evolution and 

thereby contributing to enhanced corrosion resistance.  

 In contrast, Mg3Ti displayed an increased cathodic slope, indicative of enhanced cathodic 

reaction kinetics. Notably, the XRD data for Mg3Ti showed less solubility and cold compacted 

samples phases visible to the naked eye, suggesting that Ti was less homogeneously distributed in 

this composition. The lack of a uniform solid solution may have contributed to localized galvanic 

effects, thereby increasing cathodic activity and accelerating the corrosion rate. Thus, while Ti 

generally acted as a corrosion inhibitor by modifying the cathodic reaction kinetics, inadequate 

mixing appeared to counteract this effect in Mg3Ti.  

As the Ti content increased further in Mg3Ti2, there was a progressive decrease in cathodic 

reaction kinetics, as evidenced by the reduced cathodic slope. At this composition, the influence 

of Ti on the alloy’s corrosion behavior became more pronounced, and changes in the anodic branch 

 
Figure 4.2. XRD spectra of Mg-binary alloys with Zn and Ti, with the α-hcp peaks of Mg, Ti, 

and Zn indicated. 
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were also evident. The presence of Ti in greater mass proportion (though not yet atomically 

dominant) appeared to contribute to the formation of a surface film that experienced some type of 

disruption during anodic polarization. The XRD data for Mg3Ti2 showed very little order and had 

a peak approaching that of beta Ti which has been shown to appear at such compositions and with 

ball milling223,224. This highly disorder structure likely contributed to its corrosion resistance by 

inhibiting localized galvanic effects and supporting a more protective film. The film disruption 

observed in the anodic branch of the Mg3Ti2 curve suggested a possible destabilization of an oxide, 

hydride, or hydroxide layer, which could have temporarily exposed the underlying Mg and 

accelerated anodic dissolution. 

Interestingly, despite the varying Ti concentrations, the corrosion potential (Ecorr) 

remained relatively constant across Mg4Ti, Mg3Ti, and Mg3Ti2. This consistent ennoblement 

implied that the presence of Ti influenced the corrosion potential to a similar extent across these 

compositions. Therefore, while Ti modified the cathodic and anodic kinetics, it did not 

substantially alter the corrosion potential itself. 

4.3 Comparison with Zn Addition: Mg3Zn2 Alloy 

The Mg3Zn2 alloy exhibited a similar ennoblement effect to the Mg control, with a notable 

shift in cathodic kinetics. The reduced cathodic activity in Mg3Zn2 suggests that Zn, like Ti, 

suppressed the cathodic hydrogen evolution reaction, likely through partial incorporation within 

the Mg matrix. XRD results (Figure 4.2) showed broad peaks, indicating potential partial mixing 

between Mg and Zn or the formation of new Mg-Zn phases, although the specific phases could not 

be conclusively identified. SEM analysis did not reveal distinct Zn-rich phases; however, the 

limited resolution of the SEM may have been insufficient to detect smaller-scale phase separations. 
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Further investigation, potentially at higher magnification or using techniques such as TEM, would 

be necessary to confirm the phase distribution and species. 

The anodic branch of Mg3Zn2 exhibited distinctive limiting current behavior, suggesting 

potential film breakdown mechanisms. This limiting current response implies the initial formation 

of a protective oxide, chloride, hydride, or hydroxide layer, which partially degraded under anodic 

polarization. The resulting increase in current density following breakdown likely reflects exposed 

Mg sites accelerating anodic dissolution. Pourbaix diagrams for the Mg-Zn system indicate that 

Mg-Zn intermetallics remain stable in the cathodic region of this alloy, with possible stabilization 

of hydroxide and chloride species as localized pH increases due to Mg dissolution, a behavior 

previously observed225,226. These findings support the hypothesis that Zn addition influences 

anodic stability by promoting the formation and subsequent destabilization of protective surface 

films. 

4.4 Summary of Corrosion Behavior 

Overall, the PDP analysis highlighted the nuanced effects of alloying elements on Mg 

corrosion behavior: 

¶ Ti in Solid Solution (Mg4Ti): Slightly reduced cathodic reaction kinetics, enhancing 

corrosion resistance due to reduced hydrogen evolution and fewer active cathodic sites. 

¶ Poorly Mixed Ti (Mg3Ti): Resulted in increased cathodic kinetics, likely due to localized 

galvanic effects stemming from inadequate mixing. 

¶ Higher Ti Content with Amorphous Phases (Mg3Ti2): Led to reduced cathodic and 

anodic reaction rates, with evidence of a more stable surface film that occasionally broke 

down, temporarily exposing the Mg substrate. 
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¶ Zn Addition (Mg3Zn2): Significantly reduced cathodic activity and exhibited a limiting 

current in the anodic branch, suggestive of protective film formation and breakdown. 

These findings suggested that Ti and Zn additions, while both beneficial in enhancing 

corrosion resistance, impacted the corrosion mechanisms of Mg alloys differently. Ti generally 

improved corrosion resistance through solid solution strengthening and possibly amorphous phase 

formation, while Zn contributed to a more stable, though periodically disrupted, surface film. This 

study provided valuable insights into the role of alloying elements in Mg-based materials, with 

potential applications in tailoring corrosion resistance for specific environments and applications. 

4.5 Effect of V and Ta addition on corrosion resistance 

Analysis for the PDP curves for Mg alloys with additions of V and Ta, shown in Figure 

1b, revealed minimal impact on the corrosion behavior in terms of both cathodic and anodic 

kinetics. The cathodic branches of Mg9V, Mg4V, and Mg9Ta showed no appreciable difference 

from the Mg control, indicating that neither vanadium nor tantalum significantly influenced the 

hydrogen evolution reaction or the cathodic kinetics of the alloy. This lack of cathodic 

modification suggested that these alloying elements did not actively participate in reducing 

cathodic reaction rates for Mg-based alloys. 

In terms of anodic behavior, there was a slight difference observed with V and Ta additions; 

however, this effect was subtle and not clearly discernible. Both V and Ta additions produced a 

mild ennoblement effect, as reflected in a shift to a more positive corrosion potential (Ecorr) relative 

to the Mg control. Despite this shift in Ecorr, the corrosion current density (icorr) appeared to increase 

compared to the control, indicating that the overall corrosion rate was not improved by the presence 

of these elements. 
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Given the increased icorr and the negligible effects on both cathodic and anodic kinetics, it 

was unlikely that V and Ta additions offered any substantial benefit for enhancing the corrosion 

resistance of Mg alloys prepared via ball milling. Consequently, neither vanadium nor tantalum 

warranted further exploration as alloying elements for Mg in this context. 

4.5 Effect of Ca on corrosion behavior in Hanks’ Balanced Salt Solution 

Figure 4.3a shows the PDP curves for Mg-5Ca and Mg-10Ca alloys after SPS, tested in 

HBSS, enabling a comparative analysis of ball milling’s effect on corrosion behavior. The "AR" 

(as-received) samples were non-milled master alloys of 5 and 10 wt. % Ca in Mg, likely containing 

large β-phase (Mg2Ca) anodes within the microstructure227,228, while the "AM" (as-milled) samples 

were the alloy powder after ball-milling. The milling process aimed to reduce β-phase particle size, 

minimizing galvanic effects and increasing Ca solubility in the Mg matrix, potentially enhancing 

corrosion resistance by fostering the formation or stabilization of protective corrosion products. 

 

Figure 4.3. (a) PDP curves of 5 and 10 wt. % Ca Mg alloys in as-received (AR) and as-milled 

(AM) conditions after spark plasma sintering, tested in Hanks’ Balanced Salt Solution (HBSS). 

(b) Shows PDP curves of the same samples in HBSS after linear sweep voltammetry (LSV). 
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The cathodic branches of the 5Ca samples showed no appreciable change as a result of 

milling. The reduction in β-phase particle size did not significantly impact the cathodic reaction, 

likely due to similar availability of active sites for the hydrogen evolution reaction in the 5Ca 

alloys. The anodic behavior showed some variation, particularly in the AM sample, where the 

anodic branch was slightly altered, possibly indicating that milling influenced the dissolution 

characteristics of the Mg matrix. This change could be attributed to a refined microstructure and 

better-distributed β-phase particles, allowing more uniform anodic dissolution. However, this 

effect was modest, without substantial improvement in corrosion resistance. 

Although ball milling slightly altered the anodic behavior, it did not significantly improve 

the overall corrosion performance of Mg-5Ca alloys. However, the linear sweep voltammetry 

(LSV) down scan from the OCP appeared to selectively dissolve more reactive surface species, 

particularly calcium, which is more anodic than magnesium. This selective dissolution likely 

initiated the formation of a denser, more protective corrosion product layer, comprised of both 

Mg(OH)2 and Ca(OH)2 or potentially mixed Mg-Ca hydroxides229,230. 

Due to the ball milling, it’s possible that calcium was more evenly solutionized in the 

magnesium matrix, allowing corrosion behavior similar to that observed in  low (≤ 1 wt. %) Ca 

content alloys231,232. The XRD spectra in Figure 4.4a indicated that some solid solutioning took 

place. This homogenized distribution of calcium may have enabled the system to behave in a way 

that promoted the formation of hydroxyapatite (HA) during the LSV process. The cathodic 

reactions associated with LSV increased the local pH, facilitating the precipitation of HA and 

forming a composite surface layer with enhanced barrier properties, akin to the HA layers that 

improve corrosion resistance in Mg-Ca alloys for biomedical applications. 
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Subsequent PDP scans (Figure 4.3b) showed a significantly reduced corrosion rate and a 

limiting current at higher current densities, suggesting that this newly formed mixed hydroxide 

and HA layer acted as an effective diffusion barrier,  limiting anodic dissolution. The LSV 

treatment facilitated a more protective surface film, highlighting the potential benefits of exploring 

lower calcium percentages in Mg alloys. These findings also suggest further work on optimizing 

Ca content and conducting long-term studies to assess the stability and durability of such protective 

layers over time. 

 

Figure 4.4. (a) XRD spectra for AR-5Ca (first, black), AM-5Ca (second, red), AR-10Ca (third, 

blue), and AM-10Ca (b) back-scattered electron micrograph of AR-10Ca-SPS (c) BSE of AM-

10Ca-SPS (d) BSE of AR-5Ca-SPS (e) BSE of AM-5Ca-SPS. 

 

The elevated Ca concentration (10 wt.%) in the Mg matrix significantly influenced both 

the anodic and cathodic branches, with differences in performance compared to the Mg-5Ca alloy. 

The PDP curves of this system are shown in Figure 2b.  

The AM-10Ca-SPS sample exhibited a notable ennoblement in potential relative to the 

AR-10Ca-SPS sample. This ennoblement was likely due to a reduced area fraction of Mg2Ca in 

the AM sample. Given that Mg2Ca is anodic relative to Mg, its reduced presence could lower the 

overall galvanic activity, leading to a more noble open circuit potential. Interestingly, the 10 wt.% 
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Ca alloy was also more noble than the 5 wt.% Ca alloy, which was unexpected. XRD spectra for 

both alloys (Figure 4.4a) confirm effective integration of Ca phases in both 5 and 10 wt.% Ca 

alloys. SEM micrographs of the 10Ca-SPS and 5Ca-SPS samples in as-milled and as-received 

conditions are shown in Figure 4.4 (b-e). Both alloys display well-solutionized Ca phases in the 

AM samples (c and e), the lighter Mg2Ca phases present in (b) and (d) were reduced in size or 

annihilated and the Ca solutionized. Some phase contrast is present in the AM-10Ca-SPS sample 

(c), and porosity is present in both samples though more in the 5Ca sample.  

In terms of cathodic kinetics, the AM-10Ca-SPS alloy exhibited the lowest corrosion 

current density among the samples. This indicated that the ball milling and SPS processes in the 

AM sample likely created a more protective surface layer or modified the microstructure to reduce 

active cathodic sites, or perhaps contained less porosity than the 5Ca counterpart. The finer and 

more homogeneous distribution of secondary phases and lower porosity in the AM-10Ca-SPS 

appeared to reduce localized corrosion activity, limiting cathodic reactions and lowering the 

overall corrosion rate.  

The behavior of the AM-10Ca alloy after LSV deviated from the trend observed for the 5 

wt. % Ca alloy, suggesting that factors beyond calcium content alone may have influenced the 

corrosion behavior. One possible explanation is the role of porosity in the apparent corrosion rate 

reduction observed in the 5Ca alloy. The 5Ca alloy had higher porosity and this might have allowed 

for more extensive formation of corrosion products within the pores, effectively enhancing the 

barrier properties by trapping protective hydroxide or HA layers within these microstructures. 

In contrast, the AM-10Ca alloy, potentially with a more homogeneous microstructure and 

lower porosity due to the ball milling and SPS processing, may have had fewer sites for localized 

corrosion product deposition, limiting the effectiveness of any surface film formed during LSV. 
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The ennoblement observed in the AM-10Ca alloy after LSV without a significant reduction in 

corrosion current density could indicate that the surface layer was less effective as a barrier 

compared to the 5 wt. % Ca alloy. 

These findings suggest that porosity and microstructure, influenced by processing 

techniques like ball milling, could play a crucial role in determining corrosion resistance in Mg-

Ca alloys. Further exploration of controlled porosity effects on corrosion behavior and fine-tuning 

calcium content could optimize protective layer formation for enhanced corrosion resistance. 

Studies that systematically vary both calcium content and porosity would offer valuable insights 

into underlying mechanisms and the long-term stability of these protective films. 

4.6 Chapter Summary 

This chapter examined the corrosion behavior of binary Mg-based alloys prepared via ball 

milling, cold compaction and SPS, with Ti, Zn, V, Ta, and Ca additions. The results indicated that 

Ti and Zn notably improved corrosion resistance by modifying both cathodic and anodic behaviors 

when incorporated into the Mg matrix. Specifically, Ti and Zn greater solid solution helped 

stabilize surface films and mitigate active corrosion sites, suggesting that further exploration of 

these elements could lead to enhanced corrosion resistance strategies for Mg alloys. 

For Mg-Ca alloys, the uniform distribution of Ca achieved through ball milling improved 

the performance of the 5 wt.% Ca alloy, facilitating the formation of protective surface layers. 

However, in the 10 wt.% Ca alloy, reduced porosity contributed to ennoblement but did not 

significantly reduce corrosion current density, highlighting the complex role of porosity and 

microstructure in corrosion performance. These findings underscore the importance of continued 

studies on alloying elements, controlled porosity, and calcium content to optimize protective layer 

formation and corrosion resistance. 
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Note: Crystallite size, lattice strain, lattice parameters, and hardness are shown for these 

alloys in the CHAPTER 10: SUPPLEMENTARY DATA. 

4.7 Supplementary 

 

Table 4.2. Results of PDP after LSV on Mg-Ca and WE43C in HBSS. 

Alloy Bulk 
 PDP after LSV, HBSS 

∆ icorr  (%)         

from no LSV Ecorr (mV) icorr (µA/cm2) 

AR-Mg-5Ca 
SPS1 -1497.822 140.492 -32.44 

SPS2* -1076.62 0.38 -274.93 

AR-Mg-10Ca 
SPS1 -1540.144 257.639 -15.77 

SPS2 -1532.208 85.56 -218.51 

AM-Mg-5Ca 
SPS1 -1449.377 54.051 -795.21 

SPS2 -1534.168 283.862 -66.89 

AM-Mg-

10Ca 

SPS1 -1377.75 232.047 48.18 

SPS2 -1420.785 217.155 31.51 

AR-WE43C 
SPS -1733.982 8.623 -5.52 

AM-WE43C 
SPS -1498.211 371.596 63.74 

* - Contaminated with WE43C powder during sintering. 

 

 

The percentage change in corrosion current density from PDP without LSV to PDP after 

LSV highlights the reduction in corrosion current density due to the buildup of corrosion products 

on the surface and within the pores of these samples. AM-5Ca-SPS1, having the highest porosity, 

exhibited the largest reduction in corrosion current density after the LSV treatment, supporting the 

discussion in Section 4.5. Interestingly, the WE43C-contaminated 5Ca-SPS2 showed extremely 

low corrosion rates in physiological environments. WE43C was tested in HBSS, and the results 

are presented in CHAPTER 10.  
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Figure 4.5. The PDP curves of  AM-5Ca-SPS1 after LSV (stars) and with no prior LSV (circles). 
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Abstract 

This study investigates the corrosion behavior and microstructural evolution of magnesium 

alloys WE43C and AZ91E processed through ball milling and subsequently consolidated by cold 

compaction and spark plasma sintering (SPS). Ball milling effectively reduced particle size and 

uniformly dispersed phases but also introduced surface cracks and porosity, resulting in increased 

corrosion current densities in both alloys.  Potentiodynamic polarization revealed that ball milling 

led to enhanced galvanic corrosion in WE43C due to the redistribution of Y- and Nd-rich phases. 

Similarly, in AZ91E, ball milling reduced the size of the β-phase; however, phase redistribution 

and porosity further aggravated corrosion in the SPS-consolidated alloy. These findings highlight 

the intricate relationship between processing techniques, microstructural modifications, and 

corrosion behavior in magnesium alloys. 

 

Keywords 

Magnesium alloys, WE43C, AZ91E, ball milling, spark plasma sintering, corrosion behavior, 

secondary phases, galvanic corrosion, potentiodynamic polarization 

 

5.1 Introduction  

Magnesium (Mg) has long been identified for its potential in industries such as aerospace, 

automotive, and electronics, thanks to its exceptional strength-to-weight ratio233. With a density 
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roughly two-thirds that of aluminum, Mg alloys offer a promising path toward reducing weight 

and improving energy efficiency234,235. However, their wider adoption is hindered by relatively 

poor mechanical properties and corrosion resistance compared to more commonly used aluminum 

and ferrous alloys, presenting a significant challenge in engineering applications236. This is 

particularly relevant in the automotive industry, where the push for lighter vehicles to enhance fuel 

efficiency is ongoing234. 

Corrosion studies of Mg alloys are essential to improving their performance in 

environments where corrosion can severely limit their use. Mg alloys are also being explored for 

applications in seawater-activated batteries and biodegradable implants237–240, both of which 

demand a balance between mechanical durability and corrosion resistance. Continued research 

into alloy compositions and processing methods is essential to fully realize the potential of Mg-

based materials in these applications. 

The corrosion performance of magnesium alloys, AZ91E and WE43C, presents both 

opportunities and challenges. Studies suggest that reducing the size and improving the distribution 

of secondary phases in these alloys could enhance their corrosion resistance. In AZ91E, the role 

of the β-phase is complex. Finer, well-distributed β-phase particles improve corrosion resistance, 

but excessive dissolution or isolation of these particles accelerates micro-galvanic corrosion241. 

Conversely, larger and more isolated β-phase particles accelerate galvanic corrosion at grain 

boundaries due to micro-galvanic effects242.  

Ball milling has been shown to be effective at reducing secondary phase particles and 

promoting solid solution formation by increasing the uniformity of the alloy’s microstructure243. 

Mechanical deformation during milling breaks down larger particles and dissolve secondary 

phases into the matrix, potentially leading to improved corrosion resistance. Research on ball-
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milled WE43C demonstrates that dispersing secondary phases may mitigate localized corrosion 

by transforming micro-galvanic corrosion into more uniform corrosion244. However, conflicting 

findings on the electrochemical role of secondary phases in WE43C complicate this understanding. 

Some studies suggest they act as anodes, corroding preferentially245–247, and others suggest they 

behave as cathodes, with corrosion initiating in the surrounding magnesium matrix248–253.  

These discrepancies highlight the need for further investigation into the role of secondary 

phases in Mg alloys, particularly with respect to their interaction with the Mg matrix and how alloy 

composition and processing techniques like ball milling affect their distribution and impact on 

corrosion performance254. The supplementary Table 5.1 compares findings across multiple studies, 

showing varied conclusions about whether secondary phases act as anodic or cathodic sites, and 

whether specific intermetallic phases, such as Mg41Nd5, Mg24Y5 and Zr-rich phases, initiate 

corrosion. Additionally, the electrochemical activity of these phases varies depending on the 

testing environment and methodology used. 

The primary objective of this work was to assess whether ball milling can reduce or 

dissolve secondary phases in WE43C and AZ91E and how these changes in secondary phase 

distribution impact corrosion performance. Although previous studies have debated whether these 

phases act as anodic or cathodic sites, the focus here was on the physical changes induced by ball 

milling and their effect on corrosion behavior. While SKPFM was used to examine the 

electrochemical behavior of rare earth phases in WE43C, this served as a check rather than a core 

component of the study. Ultimately, this work seeks to clarify the influence of ball milling on 

secondary phase distribution and the effect on corrosion resistance in both WE43C and AZ91E 

alloys. 
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5.2. Experimental 

5.2.1  Materials 

Commercial alloys Elektron® 43 (WE43C) and Elektron® 91 (AZ91E) were supplied by 

Luxfer Magtech as gas-atomized metal powders with particle sizes 25-175 µm. The as-received 

powders were placed in milling bowls in an argon atmosphere with O2 < 10 ppm. Stearic acid at 

1.5 wt.% was used as a process control agent to reduce agglomeration of powders. Stainless steel 

bowls and stainless steel balls (10 mm diameter) were used. A total of 10 g of powder was placed 

in each bowl with the ball-to-powder ratio set at 20:1. The bowls were placed on a Fritsch 

Pulverisette 4/5 and milled at 280 RPM for 75 hours with a 30 min rest after every hour of milling 

to avoid excessive heating. The bowls were opened in an inert atmosphere and agglomerates to the 

sides of the bowls were broken up after 5, 20, 50, and 75 hours of milling. A final milling of one 

minute at 280 RPM was carried out to ensure a fine powder was obtained. 

 The milled as well as atomized alloy powders were cold compacted (CC) at room 

temperature using a Carver AutoPellet Press in manual mode. The uniaxial hydraulic press applied 

an incremental load increase up to 3 GPa over a 10-minute rise time, followed by a 10-minute 

dwell time. The powder was supported by tungsten carbide (WC) punches in a WC die. The dies 

were loaded with powder in an argon atmosphere and transferred to the press after the punches 

were in place. This resulted in solid pellets of 7 mm diameter and 2 to 2.5 mm thickness.  

The milled as well as atomized alloy powders were also consolidated using spark plasma 

sintering (SPS) under uniaxial pressure of 70 MPa and temperature of 450 °C. To maintain 

conductivity and avoid sticking graphite was placed between the powder and the WC die and 

punches. The  SPS specimens were ~19.6 mm in diameter and 2.5 to 3 mm thick.  
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Each alloy was tested for two powder synthesis processes and two bulk conditions, 

resulting in a total of eight samples tested. This was done to compare and contrast the effects of 

milling by comparing as-received (AR) to as-milled (AM). Additionally, the study aimed to 

evaluate the impact of SPS on the AR and AM samples and to compare and contrast the two bulk 

sample preparations. Table 5.2 outlines the naming conventions for the eight sample conditions 

tested.   

Table 5.2. Naming conventions for the samples, “AR” stands for as-received and “AM” stands for 

as-milled.  

Sample ID Milled Compaction 

AR-WE43C-CC No Cold Compaction (CC) 

AM-WE43C-CC Yes Cold Compaction (CC) 

AR-WE43C-SPS No Spark Plasma Sintered (SPS) 

AM-WE43C-SPS Yes Spark Plasma Sintered (SPS) 

AR-AZ91E-CC No Cold Compaction (CC) 

AM-AZ91E-CC Yes Cold Compaction (CC) 

AR-AZ91E-SPS No Spark Plasma Sintered (SPS) 

AM-AZ91E-SPS Yes Spark Plasma Sintered (SPS) 

 

5.2.2 Characterization 

5.2.2.1 X-ray Diffraction 

The as-received (AR)  and as-milled (AM) powders along with the solid SPS samples were 

examined using a Rigaku Smarta X-ray Diffractometer. A Cu-K𝛼 radiation source (λ = 1.541862 

Å) along with a tube voltage of 40 kV and a current of 44 mA was used for the data collection. 

Each alloy was scanned in the 2θ range of 20° to 80° for a scan speed of 2.0 degrees per minute 

and a scan step of 0.02 degrees. All bulk samples were made plane and then ground using SiC 

grinding paper to 1200 grit. Samples were polished to 0.05 µm using the method described in the 

microscopy section.  
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X’Pert HighScore Plus was utilized to subtract the background and Cu-Kα2 (for analysis), 

peak fitting, and cross referencing known diffraction spectra. Full width half maximums (FWHM) 

were obtained using Origin Pro and the crystallite and lattice strain were calculated using the 

Willamson-Hall Method255. The broadened peaks of the x-ray diffractograms can be explained by 

considering peak width as a function of 2θ. X-ray peak broadening due to strain within the lattice 

is inversely proportional to tan θ, while broadening due to small crystallites is proportional to cos 

θ, as shown in equation 1, where, K is a shape factor (assumed spherical), D is the average 

crystallite size, Ů is the lattice strain, and ɓ is the peak broadening. 

 𝛽𝑡𝑜𝑡= 𝛽𝑠𝑡𝑟𝑎𝑖𝑛+  𝛽𝑠𝑖𝑧𝑒−𝛽𝑠𝑡𝑟𝑎𝑖𝑛𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡= 
𝐾𝜆

𝐷𝑐𝑜𝑠𝜃
+4𝜀𝑡𝑎𝑛𝜃 (1) 

 

The instrumental broadening was considered by collecting a diffraction spectra of a 99.8 

% pure Mg cube purchased from ThermoFisher Scientific. The cube was heat-treated using the 

following recipe: heated in an oxygen atmosphere furnace to 400 °C at a rate of 50 °C per hour, 

held for 1 hour, allowed to cool to 300 °C in the oven, and then to room temperature by natural 

convection. The sample was prepared for XRD by the methods outlined in the previous section. 

Plotting ɓcosɗ vs. sinɗ gives the strain as the slope and the crystallite size as the ordinate intercept. 

It has been reported that nonlinearity in the relationship of the ɓcosɗ vs. sinɗ plot is evidence of a 

large number of stacking faults in the crystalline phase179. Hexagonally close-packed structures 

are known to frequently present stacking faults256.  

5.2.2.2 Density 

The density of each sample was measured using Archimedes’ principle. This was 

performed using a Sartorius Quintix65-1S balance along with a density measurement kit VF4601. 
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The density of the sample was calculated according to Equation 2, where ma is the mass of the 

sample in air, ρfl is the density of the fluid, ρa is the density of air, and Gcorr is the difference 

between the mass in air and the mass of the sample in the fluid. A correction factor to account for 

the hanger assemblies was included in the calculation of the Gcorr value.  

 𝜌= 
𝑚𝑎∙(𝜌𝑓𝑙−𝜌𝑎)

𝐺𝑐𝑜𝑟𝑟
 + 𝜌𝑎 (2) 

The fluid used in the density measurements was ethanol. The density of the ethanol was 

obtained after measuring the temperature and consulting with the Sartorius provided look up table. 

Ethanol was used to avoid any sampling error due to hydrogen evolution. Each measurement was 

repeated a total of three times with a drying time of 10 minutes between measurements.   

5.2.2.3 Hardness 

Vickers Microhardness was performed with a Mitutoyo HM-112 digital microhardness 

tester with a diamond tip and a load of 0.5 kgf (4.903 N). Nanoindentation was performed using a 

Bruker Hysitron TI980 Triboindenter with a 1000 µN of load for 10 s hold and 20 s ramps. Samples 

were probed for a minimum of 10 measurements across diverse regions of the sample. Statistical 

results were tabulated in Excel and plotted using Origin Pro. Samples were ground to 1200 grit 

using SiC grinding paper and ethanol as a lubricant prior to microhardness and polished to 0.05 

µm for nanoindentation. Results from nanoindentation were converted from pascals to Vickers 

Hardness for simplified comparison using Equation 3.   

 𝐻𝑉= 
𝐺𝑃𝑎

0.009807
 (3) 
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5.2.2.4 Microscopy 

For scanning electron microscopy and energy dispersive x-ray spectroscopy samples were 

polished to 0.05 µm using ethanol, MetaDi® oil based diamond slurry, and finished with Buehler 

MasterPolish® (water free, high purity alumina & colloidal silica). Buehler TexMet® C 

intermediate polishing cloths were used for 9, 3, and 1 µm polishing steps, final polishing and 

cleaning was performed with ChemoMet® (polyurethane) fine polishing cloth. Each sample was 

cleaned using ethanol or isopropyl alcohol and sonicated for 2 minutes between each step. The 

final cleaning step involved polishing with only ethanol on a virgin Buehler ChemoMet pad to 

remove any remaining MasterPolish. Scanning electron microscopy was performed on a Hitachi 

UHR SU8700 with various beam conditions between 2-20 kV. Energy dispersive x-ray 

spectroscopy (EDS) was performed with an insertable Oxford spectrometer and imaging with an 

inserted backscattered electron detector with a beam of 20 kV and high current. Oxford AZtec was 

used to collate and analyze EDS maps, area scans, point analyses, and line spectra.  

5.2.3 Corrosion  

5.2.3.1 Potentiodynamic Polarization 

The corrosion behavior was assessed through potentiodynamic polarization (PDP) tests 

performed using a Biologic VMP-300 potentiostat. Sample surfaces were prepared by grinding to 

1200 grit size SiC sandpaper for all PDP tests.  Ethanol was used as a lubricant. A conventional 

three-electrode configuration was used in a flat cell from Princeton Applied Research, with a 

platinum mesh counter electrode, and a saturated calomel electrode (SCE) as the reference. All 

PDP tests were conducted in 0.6 M NaCl solution at room temperature under ambient air. The 

open-circuit potential (OCP) of the samples was monitored for 20 minutes prior to initiating 

polarization. Potential scans began from 200 mV below the OCP, ascending at a scan rate of 1 
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mV/s until reaching an anodic current density of 1 mA/cm². Each corrosion test was conducted in 

triplicate.  

5.2.3.2 Immersion 

Immersion tests were performed in 0.1 M NaCl solution at room temperature in a 500 mL 

beaker exposed to ambient air at room temperature for a duration of 24 hours. The OCP was 

monitored using the potentiostat and a saturated calomel electrode as the reference. Optical 

microscopy was conducted using a VM-100 Digital Stereo Microscope. In-situ immersion imaging 

was captured using Python to automate image acquisition over time, gathering images in bursts of 

three at specified intervals. Samples were prepared by mounting in epoxy with a copper wire 

affixed to the back of the sample with copper tape and then sealed in the epoxy so no contact could 

be made with solution. The expose surface was ground to 1200 grit using SiC grinding paper and 

ethanol as a lubricant. 

5.4. Results and Discussion 

5.4.1 WE43C 

The SEM images of AR-WE43C and AM-WE43C (Figure 5.1) reveal clear morphological 

differences between the as-received (AR) and as-milled (AM) conditions. In AR-WE43C (Figure 

5.1a), particles are predominantly spherical (30–170 µm) with satellite particles, a morphology 

typical of gas-atomized powders that promotes higher packing density. After compaction, AR-

WE43C-CC shows a dense microstructure (Figure 5.1b), with visible boundaries between particles 

and small satellite particles distributed within (Figure 5.1c). EDXS (Figure 5.1d) highlights Nd- 

and Y-rich phases along particle boundaries, indicating Mg41Nd5 and Mg24Y5 phases, consistent 

with prior studies257–260. These Y-rich phases formed elongated structures along powder particle 
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boundaries, and oxygen enrichment at these boundaries suggests partial oxidation, which could 

influence corrosion behavior and particle bonding during compaction261,262.   

Milling significantly altered the morphology of AM-WE43C (Figure 5.1e), changing 

particles from spherical to plate-like (10–40 µm). The increased porosity and surface cracking in 

AM-WE43C-CC (Figure 5.1g-h) suggested that milling introduced mechanical stresses and 

defects similar to263–265, contributing to the redistribution of secondary phases. SEM images show 

more rounded and evenly distributed secondary phases (Figure 5.1g), with distinct regions: Region 

1 features larger secondary phases, and Region 2 shows smaller, less visible phases, indicating 

incomplete solutioning during milling.  

 

Figure 5.1. SEM images of AR (a-d) and AM (e-h) WE43C (a) AR powder, (b) SE image of AR-

WE43C-CC, (c) BSE image of AR-WE43C-CC showing particle boundaries, (d) higher 

magnification BSE image of (c) with EDXS area maps (e) AM powder, (f) SE image of AM-

WE43C-CC, (g) BSE image of AM-WE43C-CC with two regions of differing contrast (h) higher 

magnification BSE image of (g) with EDXS area maps. The lighter region in (g) indicates better 

secondary element integration into the matrix, while the darker region (centered), appears to 

contain more secondary phase particles not integrated into the matrix.  
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After sintering, AR-WE43C-SPS (Figure 5.2a-b) exhibits equiaxed grains with Nd- and Y-

rich secondary phases, concentrated at grain boundaries. Y-rich phases have long, thin 

morphologies, while Nd-rich phases appear wider and less uniform. In AM-WE43C-SPS (Figure 

5.2c-d), numerous pores are visible, with three distinct regions: Regions 1 and 2 correspond to 

those in AM-WE43C-CC, while a third region, primarily Mg with little Y and Nd, suggesting there 

was segregation during SPS.  

XRD data (Figure 5.3) support the SEM observations, showing grain refinement and 

increased strain in AM-WE43C266. Crystallite size decreased from 61.91 nm in AR-WE43C to 

45.83 nm in AM-WE43C, with peak broadening indicating enhanced hardness from the Hall-Petch 

effect. Redistribution of Mg41Nd5 and Mg24Y5 phases likely contributed to localized hardness 

increases (Figure 5.4). XRD confirmed Y and Nd phases, with higher intensities in SPS samples. 

After SPS, crystallite size in AM-WE43C increased to 118.99 nm, and lattice strain was halved. 

The c/a ratio increased after milling due to slight lattice parameter changes. The increase in 

crystallite size and reduction in lattice strain after SPS improved ductility at the expense of 

hardness and strength, especially in the AM sample.  

The more porous, cracked structure in AM-WE43C-CC (Figure 5.1g) compared to AR-

WE43C-CC (Figure 5.1c) may result from mechanical stress during milling, with porosity and 

cracks—potentially caused by trapped gases or incomplete bonding—negatively affecting 

mechanical performance267,268. Figure 5.4 shows that AM-WE43C-CC had lower density and 

hardness due to these defects. Despite these defects, the redistribution of secondary phases after 

milling improved localized hardness, as confirmed by nanoindentation (Figure 5.5), these 

heterogeneous regions resulted in uneven bulk mechanical properties.  
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Figure 5.2. BSE images of AR (a & b) and AM (c & d) WE43C SPS (a) representative 

microstructure of AR WE43C after SPS particle boundaries intact, (b) higher magnification image 

and EDXS area maps of (a), (c) AM-WE43C-SPS with Mg-rich phases and porosity, (d) higher 

magnification image of AM-WE43C-SPS with EDXS area maps. Region 1 in (d) indicates a region 

where the secondary phases are not well integrated into the Mg-matrix, Region 2 shows better 

secondary element integration. 

 

The Potentiodynamic polarization (PDP) curves for WE43C (Figure 5.6a) show notable 

differences in cathodic kinetics between AR and AM conditions, regardless of bulk processing. 

Both AR-WE43C-CC and AR-WE43C-SPS exhibited similar corrosion behavior, with AR-

WE43C-SPS showing slightly improved corrosion resistance and reduced cathodic kinetics. SPS 

samples generally displayed more noble potentials and lower corrosion current densities than their 

CC counterparts. The AM-WE43C sample had a 150 mV more noble corrosion potential than the 

AR samples, but its corrosion current density was three times higher, likely due to the pronounced 

microstructural differences. AR-WE43C-SPS exhibited slower cathodic kinetics and a more noble 

potential than the CC sample, indicating improved corrosion resistance. In contrast, the AM-

WE43C-SPS sample, despite its more noble potential, had a higher corrosion current density due 

to microstructural defects such as porosity and phase segregation. 



   

91 

 

 

Figure 5.3. XRD of WE43C with the first from the bottom (black) is as-received powder, next 

(red) is as-milled powder, third from the bottom (blue) is as-received powder after SPS, and the 

topmost (green) is as-milled powder after SPS. The background and satellite peaks were subtracted 

for analysis but included for presentation.  

Figure 5.4. Hardness and Density of WE43C for various conditions, from left to right AR-

WE43C-CC, AM-WE43C-CC, AR-WE43C-SPS, AM-WE43C-SPS, hardness is shown as a solid 

bar, and density is shown as a cross hatched bar.  

 

The spherical morphology and compact structure of AR-WE43C-CC, with minimal cracks 

and porosity, contributed to lower corrosion current density by limiting initiation sites. The oxygen 

AR-WE43C-CC AM-WE43C-CC AR-WE43C-SPS AM-WE43C-SPS
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rich regions coincide with the Y-rich ones and Y2O3 was thought to be present in great quantities 

at the interparticle boundaries and Y-rich regions. Since Y2O3 is thought to form more readily and 

remain more stable than MgO, corrosion was inhibited by these Y-rich regions surrounding grains 

and at the interparticle boundaries269. 

Figure 5.5. Hardness results of nanoindentation for AM-WE43C-CC and SPS samples 

 

In AM-WE43C-CC, the breakup and redistribution of Y- and Nd-rich phases increased the 

area fraction of secondary phases, leading to enhanced galvanic corrosion, as indicated by the PDP 

curve (Figure 5.6a). SKPFM results (Figure 5.8) confirmed anodic and cathodic regions in AM-

WE43C-CC, suggesting a galvanic couple. On the other hand, Figure 5.7 showed SKPFM results 

for AR-WE43C-CC, indicating that the Volta potential at the interparticle boundaries was lower 

than within the particles themselves. This result was consistent with the findings from245,246, 

suggesting that the secondary phases were slightly more anodic compared to the particle interior. 

After SPS, AR-WE43C-SPS exhibited a compact microstructure with well-integrated 

secondary phases, improving both corrosion resistance and mechanical properties. Conversely, 

AM-WE43C-SPS had significant porosity and poorly integrated secondary phases (Fig. 5.2c), 

particularly in Region 1, creating weak points for corrosion. 
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Figure 5.6. PDP curves of (a) WE43C  and (b) AZ91E in 0.6 M NaCl, the number of points was 

reduced by ten to reduce cluttered data.  

 

Figure 5.7 Scanning kelvin probe image of AR-WE43C-CC. The image on the left 

indicates the difference in height at the surface of the sample while the image on the right is a map 

of the relative voltage differences at the surface. 

 

Mg-rich regions in Region 3, lacking Y and Nd, were especially prone to galvanic 

corrosion. SPS promoted Mg-dominated regions in AM-WE43C-SPS, similar phenomena have 

been observed in SPS of other alloys, where non-equilibrium conditions and high driving forces 
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for decomposition extricate solutes from specific regions270. Increased porosity in AM-WE43C-

SPS further reduced hardness and density, contributing to its inferior mechanical performance and 

accelerated corrosion. 

Figure 5.8. Scanning kelvin probe image of AM-WE43C-CC showing the relative voltage 

difference at the surface of the sample. 

 

5.4.2 AZ91E 

Scanning electron micrographs of AR-AZ91E-CC and AM-AZ91E-CC (Figure 5.9) show 

mostly spherical particles (30–150 µm), with some elongated outliers and satellite particles. The 

surface appears free of cracks and pores, and regions rich in β-phase (Mg17Al12) are visible, 

alongside brighter areas indicating better Al integration. The EDXS in Figure 5.9d shows small 

phases rich in Al, Zn, and Mn, while oxygen is seen at the particle boundary. In contrast, AM-

AZ91E (Figure 5.9e) shows smaller, plate-like particles (5–30 µm) resulting from milling. Surface 

defects, including cracks and porosity, are evident in AM-AZ91E-CC (Figure 5.9f-h), likely due 

to milling stresses. Retained Al-, Mn-, and Zn-rich phases were observed with incomplete 

integration into the matrix; however, the reduction in size and change in distribution of the β-phase 

were evident, as EDXS suggested either smaller β-phase particles and/or increased Al solubility 

in the matrix. 
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Figure 5.9. SEM images of AR (a-d) and AM (e-h) AZ91E (a) AR powder, (b) SE image of AR 

AZ91E CC, (c) BSE image of AR AZ91E CC, (d) higher magnification BSE image of (c) with 

EDXS area maps (e) AM powder, (f) SE image of AM-AZ91E-CC, (g) BSE image of AM-AZ91E-

CC with pores and retained secondary elements (h) higher magnification BSE image of (g) with 

EDXS area maps 

 

The microstructure of AR-AZ91E-SPS (Figure 5.10a-b) reveals a mix of equiaxed and 

columnar grains, with irregularly distributed β-phases. In AM-AZ91E-SPS (Figure 5.10c-d), the 

β-phase is more uniformly distributed, likely due to milling, although particle boundaries and 

oxygen enrichment remain visible, suggesting oxidation during processing. The oxygen-rich 

boundaries may create localized weaknesses, despite the improved phase distribution in the milled 

sample.  

The XRD results (Figure 5.11) confirmed that β-phase was present post-milling, with 

significant grain refinement observed in AM-AZ91E. Peaks around a 2θ of 25º were observed in 

the SPS samples, which could be a contamination peak resulting from SPS processing or in the 

XRD measurement. Other than this unknown peak, the results are consistent with271,272.  
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Figure 5.10. BSE images of AR (a & b) and AM (c & d) AZ91E SPS (a) representative 

microstructure of AR AZ91E after SPS, (b) higher magnification image and EDXS area maps of 

AR-AZ91E-SPS, (c) AM-AZ91E-SPS, (d) higher magnification image of (c) with EDXS area 

maps. 

 

The average crystallite size for AM-AZ91E was 45.83 nm after milling, increasing to 87.41 

nm after SPS, with a tenfold reduction in lattice strain. The c/a ratio for AM-AZ91E decreased 

compared to AR-AZ91E due to a larger relative increase in the a parameter, though both 

parameters increased. Expansion in the a-axis and the peak shift in 2θ suggest strain from 

accumulated defects, correlating with increased hardness in AM-AZ91E despite its lower density 

after milling (Figure 5.12). After SPS, AR-AZ91E-SPS showed a decrease in lattice parameters 

from 0.319 nm to 0.316 nm (a) and 0.518 nm to 0.517 nm (c), while AM-AZ91E showed minimal 

change. A peak shift of 0.12 ± 0.04° from higher to lower 2θ indicated slight lattice expansion 

from milling.  
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Figure 5.11. XRD of AZ91E with the first from the bottom (black) is as-received powder, 

next (red) is as-milled powder, third from the bottom (blue) is as-received powder after SPS, and 

the topmost (green) is as-milled powder after SPS. The background and satellite peaks were 

subtracted for analysis but included for presentation. 

 

The PDP curves of the AZ91E samples (Figure 5.6b), changes in cathodic kinetics can be 

seen between the AR and AM samples, independent of bulk sample processing. The AM samples 

show a considerable increase in corrosion current density. The polarization resistance of AZ91E 

remained relatively unchanged, except for a slight decrease in slope for AR-AZ91E-SPS. The AR-

AZ91E-SPS sample exhibits the most noble potential and has an average corrosion current density 

slightly lower than the cold compacted sample.  

The AM-AZ91E-CC samples exhibited significantly higher corrosion current densities 

compared to the AR-AZ91E-CC samples, likely due to the increased porosity and redistribution 
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of β-phase particles introduced during milling. These defects were likely additional sites for 

initiation of galvanic corrosion. Although ball milling reduced the size of the β-phase and 

improved Al solutioning, the corrosion performance deteriorated, possibly due to the increased 

area fraction of secondary phases in disagreement with hypothesis241. Additionally, the reduction 

in grain size may have reached a limit where further refinement no longer enhanced corrosion 

resistance, consistent with findings from273.  

Figure 5.12. Hardness and Density of AZ91E for various conditions, from left to right AR-

AZ91E-CC, AM-AZ91E-CC, AR-AZ91E-SPS, AM-AZ91E-SPS, hardness is shown as a solid 

bar and density is shown as a cross hatched bar. 

 

The SEM analysis of AZ91E-SPS samples (Figure 5.10) revealed that while ball milling 

reduced secondary particle size, SPS caused slight coarsening and redistribution of the β-phase. In 

AR-AZ91E-SPS, the irregular dispersion of intragranular and intergranular β-Mg17Al12 phases, 

along with the mix of equiaxed and columnar grains, likely resulted from both the compaction and 

sintering process and variations in the starting powder. However, given the significant structural 
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differences between the cold compacted and sintered samples, the sintering process likely played 

a larger role. This variation in grain morphology, combined with the β phase distribution, likely 

contributed to localized differences in corrosion behavior due to the phase's nobler corrosion 

potential. The irregular β-phase distribution may have also created micro-galvanic couples 

between α-Mg and β-phase, accelerating corrosion in α-Mg regions. 

In contrast, AM-AZ91E-SPS showed a concentrated β-phase distribution, which likely 

caused the enhancement to cathodic kinetics evident in the PDP curve (Figure 5.6b). The oxidation 

observed at particle boundaries may have played a dual role: either enhancing corrosion resistance 

through oxide formation or promoting localized corrosion by accelerating cathodic kinetics. As an 

oxide region, it is likely to be more cathodic, resulting in a galvanic couple that drives corrosion 

of the anodic α-Mg in the particle interior. The redistribution and increased growth of secondary 

phases in AM-AZ91E-SPS may have increased the galvanic driving force due to the 

electrochemical potential difference between the phases, contributing to the observed corrosion 

behavior.  

5.5 General discussion 

The corrosion behavior of WE43C varied significantly between the AR and AM 

conditions, with AR samples showing improved corrosion resistance after SPS. The AR samples 

exhibited lower corrosion current densities and less noble potentials, largely due to a compact 

microstructure and the stabilization of Y-rich regions, which inhibited corrosion. In contrast, the 

AM samples, despite a more noble potential, experienced higher corrosion current densities, likely 

due to porosity, phase segregation, and the redistribution of Y- and Nd-rich phases. These 

microstructural defects in the AM samples promoted galvanic corrosion and reduced both hardness 

and mechanical performance.  
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SPS improved the microstructure of AR samples, enhancing both corrosion resistance and 

mechanical stability, whereas the AM samples continued to suffer from poor phase integration and 

increased porosity, leading to inferior performance. The more uniform distribution of secondary 

phases, particularly the Y-rich phases rich in oxygen at grain boundaries, combined with a 

compact, pore-free microstructure, provided fewer sites for corrosion initiation and better overall 

structural integrity. In contrast, the AM-WE43C-SPS sample, with its increased porosity, poorly 

integrated secondary phases, and segregated Mg-rich regions, exhibited inferior mechanical and 

corrosion performance. These findings highlight the critical importance of processing routes in 

determining the final properties of the alloy, with SPS providing significant benefits in terms of 

microstructure and corrosion resistance for the AR sample, while the AM sample suffered from 

microstructural defects that compromised its performance.  

The overall impact of ball milling and SPS on corrosion resistance can be understood 

through the interplay between particle size, phase distribution, and oxidation at the boundaries. 

While ball milling initially improved phase refinement, SPS redistributed the β-phase and 

introduced oxidation, which influenced the observed corrosion behavior. As in other AZ91E 

studies274,275, the β-phase acted as cathodes, with the extent of the galvanic effect depending on its 

distribution and interaction with the oxidation products formed during processing. Additionally, 

the introduction of microstructural defects in ball milling promoted pitting and increased the 

reactivity of AZ91E276. 

The XRD analysis showed grain coarsening after SPS, especially in the AM sample, which 

also experienced reduced lattice strain, improving mechanical stability. This stress relaxation may 

have enhanced corrosion resistance by reducing grain boundaries with cathodic oxides. Hardness 

and density measurements reflected these changes, with AM-AZ91E-SPS exhibiting higher 
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hardness than the cold-compacted sample, likely due to refined grains and redistributed β-phase. 

However, this did not translate into better corrosion resistance, as milling-induced defects 

persisted. 

PDP results revealed higher corrosion current densities in AM-AZ91E-SPS, attributed to 

grain refinement and β-phase redistribution, accelerating galvanic corrosion. AR-AZ91E-SPS 

showed more noble potentials and slightly higher corrosion current densities than the cold-

compacted sample, indicating SPS improved the microstructure and corrosion resistance. The 

lower standard deviations in SPS samples suggest that sintering consolidated the structure 

effectively.  

Overall, the increased corrosion current density in AM-AZ91E-SPS highlights the negative 

effects of milling-induced defects, while AR-AZ91E-SPS benefitted from SPS with improved 

corrosion resistance and structural stability. 

 

5.6 Conclusions 

Effect of Ball Milling on Secondary Phases: Ball milling effectively reduced the size of 

secondary phase particles in both WE43C and AZ91E, but also introduced mechanical stresses, 

surface cracking, and porosity. 

Impact on Corrosion Performance: While ball milling redistributed secondary phases and 

enhanced uniformity, it led to increased corrosion current densities in both alloys due to the 

introduction of defects and microstructural inconsistencies, particularly in AM samples. 
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In WE43C, the redistribution of Y- and Nd-rich phases following ball milling and SPS 

increased galvanic corrosion, as shown by the higher corrosion current density. SKPFM analysis 

confirmed the presence of anodic and cathodic regions, contributing to localized corrosion. 

Ball milling reduced the β-phase size in AZ91E, but the resultant phase redistribution and 

porosity increased corrosion, after SPS, phase growth and segregation further exacerbated 

corrosion.  

SPS improved the corrosion resistance of the as-received WE43C and AZ91E samples by 

improved density and consolidation of secondary phases, though it failed to fully mitigate the 

defects introduced by milling in the milled samples. 

Overall, while ball milling enhanced the phase distribution and uniformity of both alloys, 

the resultant defects increased hardness and introduced porosity, leading to reduced corrosion 

resistance, particularly in the milled samples. 
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5.7 Supplementary 

 

 

Table 5.1 This table is a summary of the disparate findings in literature on the anodic or cathodic 

nature of secondary phases in WE43C.  

Ref Authors 
Mg Matrix  

Ѱ 
Secondary 

Phases Ѱ 
Findings Method Notes 

245 Zhang et al. N.R. N.R. 
Secondary phases act as anodes 
and corrode preferentially. (Mg12Nd, 

Mg24Y5) 

Microstructural 
observation / 

literature 

Some other papers report 
dissolution of secondary phases 

from etchants.  

246 Feng et al. 0 mV -60 mV 

Secondary phases are more active 

than the Mg matrix (they have a 

more negative potential than the Mg 
matrix). Secondary phases may act 

as micro-anodes. 

SKPFM 

They find through immersion that 

the secondary phases do not 

corrode preferentially. After 
immersion, the Mg matrix has 

corroded away around the 

secondary phases. They showed 
that in Na2SO4 the secondary 

phases corrode first. 

248 
Kharitonov et 

al. 
185 mV 240 mV 

Matrix is the anode and secondary 

phases are cathodes. Corrosion 

initiates at secondary phase 
boundaries and proceeds into the 

matrix.  

SKPFM 

The SKPFM results showed that 
secondary particles were roughly 

50-60 mV more positive than the 

Mg matrix.  

249 
Ninlachart et 
al. 

Cites [ref for Kalb]* 

Corrosion observed to be initiated on 
the secondary phases. They conclude 

that the Zr rich particles were 

responsible for pit initiation. Zr rich 

phases are primary cathodes.  

Microstructural 

observation / 

literature 

They reference another paper 
shown in this table for the Volta 

potential. They don't show any 

phase analysis post-corrosion they 
only show OM post corrosion and 

SEM pre corrosion. They suggest 

that Zr particles are pit initiation 
sites because of the potential 

difference between Zr and Mg, 
which is much greater than for the 

other RE elements and phases.  

250 Kalb et al. Cites [ref for Coy]* 

Zr rich phases are cathodes. There 

is a slight local protection of the 

anode in the regions near the 
cathodes.  

Microstructural 
observation / 

literature 

No electrochemical testing 

251 Coy et al. 0 mV 

+170 mV for Zr 

Phases, +60 mV 

for Y rich phases, 
+25 mV for 

Mg12(Nd,Y), and 

+15 mV for β 

Secondary phases are cathodes. 

(especially Zr phases with trace Fe, 

Ni, Si) 

SKPFM Immersion testing only 

252 
Y. Zhang et 

al. 
0 mV 

+30 mV for 

Mg41Nd5 

 Mg41Nd5 phase is a cathode. The 

corrosion product helps form a more 

continuous and compact corrosion 
layer.  

SKPFM 
Mg-Nd alloys, immersion testing 

only 
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Abstract 

 

Magnesium-based alloys are promising for lightweight, corrosion-resistant applications 

due to their low density, high specific strength, and biocompatibility. This study examines two 

Mg-Ti-Zn alloy compositions, equal molar MgTiZn (TZ) and Mg4TiZn (4TZ), synthesized via ball 

milling and spark plasma sintering, focusing on their microstructure, mechanical properties, and 

corrosion behavior. X-ray diffraction and transmission electron microscopy revealed the formation 

of intermetallic phases, including Ti2Zn and Mg21Zn25 in TZ, while 4TZ exhibited a predominantly 

Mg-rich structure with significant porosity. Potentiodynamic polarization and immersion tests 

showed that TZ had better corrosion resistance due to the formation of protective TiO2 and ZnO, 

while 4TZ exhibited higher anodic dissolution attributed to MgO formation and porosity. Both 

alloys displayed enhanced hardness and stiffness, with TZ outperforming 4TZ due to reduced 

porosity and intermetallic strengthening. These findings highlight the potential of Mg-Ti-Zn alloys 

for structural and biomedical applications and recommend further optimization of composition and 

processing to improve their performance. 
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6.1. Introduction 

The demand for lightweight, corrosion-resistant materials is increasing, particularly in 

structural and biomedical fields, where strength, reduced weight, and biocompatibility are 

essential. Magnesium (Mg) alloys have emerged as strong candidates, offering the lowest density 

among structural metals, high specific strength, and biocompatibility, making them suitable for 

applications in automotive, aerospace, and medical devices277–282. The high strength-to-weight 

ratio of Mg alloys also brings economic and environmental benefits, as weight reductions in 

vehicles can significantly lower fuel consumption and emissions, aligning with recent global 

sustainability regulations and initiatives279,283,284.  

Despite these advantages, Mg alloys face significant challenges in terms of corrosion 

resistance, particularly in aggressive chloride environments. Mg’s high reactivity and low standard 

electrode potential lead to rapid corrosion, limiting its structural integrity and durability285–287. This 

rapid corrosion is often accelerated by microstructural features such as secondary phases and 

impurities, as well as the formation of unstable Mg(OH)2 layers that are easily penetrated in moist 

or aqueous environments288–290. Thus, developing Mg-based alloys with improved corrosion 

resistance remains a critical area of research.  

To address these corrosion challenges, alloying has been effective, particularly through the 

addition of titanium (Ti) and zinc (Zn)291,292. These elements not only stabilize the alloy but also 

promote the formation of intermetallic phases, which can act as corrosion barriers and improve 

mechanical properties293–295. In combination with Zn, Ti can form stable intermetallic compounds, 

such as Ti2Zn and TiZn16, which have demonstrated promising corrosion-resistant effects295,296. 

These phases can provide a shielding effect, limiting the progression of corrosion fronts and 

enhancing the material’s overall durability in aggressive environments296.   
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This stabilization is particularly effective in alkaline conditions, where passive film 

formation can be supported297,298. However, the addition of intermetallic phases does not entirely 

prevent localized corrosion. While intermetallics help distribute corrosion more uniformly and 

reduce the rate of galvanic attack, micro-galvanic effects still arise at the interfaces with the 

magnesium matrix299,300. This interaction influences overall corrosion behavior, encouraging a 

more even distribution of corrosion sites and limiting rapid localized attack301. Consequently, Mg-

Ti-Zn alloys are promising for applications requiring both biocompatibility and corrosion 

resistance, especially in medical devices where controlled degradation minimizes toxic byproduct 

formation. 

Ball milling and spark plasma sintering (SPS) are valuable techniques for enhancing the 

microstructure and properties of magnesium-based alloys, particularly those that incorporate 

alloying elements like Ti and Zn291,301–303. Ball milling, as a form of high-energy mechanical 

alloying, enables efficient alloy homogenization, reduces grain size, and promotes the formation 

of new phases179,180. This refinement process not only increases mechanical properties but also 

contributes to enhanced corrosion resistance, as the smaller grain size and homogeneous 

microstructure reduce corrosion and help densify surface films186,304–306. Ball milling further aids 

in extending the solid solubility limits of alloying elements within the magnesium matrix, creating 

conditions for improved performance and stability307,308. 

Spark plasma sintering complements ball milling by consolidating the milled powder under 

controlled conditions that maintain the refined microstructure achieved during milling303,309. SPS 

uses rapid heating rates and applied pressure, which reduces the risk of grain growth that typically 

occurs in conventional sintering309. This method preserves the nanocrystalline and supersaturated 

phases formed during ball milling, resulting in a dense alloy with enhanced mechanical strength 
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and corrosion resistance 302,303,308. Studies have shown that alloys processed with a combination of 

ball milling and SPS exhibit improved densification, finer grain size, and reduced porosity, which 

contribute to their structural integrity in harsh environments303,309–312. 

Objectives 

The objectives of this study were to investigate two Mg-based alloy compositions, Mg-Ti-

Zn (TZ) and Mg4TiZn (4TZ), processed through ball milling and SPS, focusing on phase 

formation, mechanical properties, and corrosion resistance. Specifically, this study evaluated how 

alloying elements and processing conditions influenced intermetallic phase formation, grain 

refinement, and phase distribution as potential corrosion barriers. By examining the interactions 

between composition, microstructure, and corrosion mechanisms in NaCl containing 

environments, this work aimed to assess the suitability of these Mg-Ti-Zn alloys for applications 

requiring improved corrosion performance or controlled degradation. 

6.2. Experimental 

6.2.1 Materials 

Individual metallic powders of Mg, Ti, and Zn were obtained from Alfa Aesar, Sigma-

Aldrich, and Goodfellow with particle sizes ranging from 44 to 150 µm. The as-received powders 

were stored in an argon glovebox with O2 maintained below 10 ppm.  

For mechanical alloying, the powders were prepared in two compositions: 1) an equal 

molar alloy of Mg, Ti, and Zn referred to here after as TZ and 2)  Mg4TiZn referred to hereafter as 

4TZ. The powders were placed in separate stainless steel bowls along with stainless steel balls (10 

mm diameter) and 1.5 wt. % stearic acid to prevent sticking. A charge of 20:1 was used with a 

total of 10 g of powder placed in each bowl. The loading and unloading of the bowls was conducted 
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in an inert argon atmosphere.  Each bowl was placed on a Fritsch Pulverisette 4/5 and milled at 

280 RPM for 100 hours with a 30 min rest after each hour of milling to avoid overheating the 

alloys. Both bowls were opened in the glovebox and agglomerates were broken up after 2, 4, 8, 

16, 32, 64, and 100 hours. A final milling at 280 RPM for one minute was performed to obtain a 

fine powder of each alloy composition.  

Spark plasma sintering (SPS) was used to consolidate the mechanically alloyed powders 

under a uniaxial pressure of 60 MPa at a temperature of 450 °C for 5 minutes. Graphite was placed 

between the powder and the die and punches to ensure conductivity and prevent sticking. The 

resulting SPS specimens had a diameter of approximately 10 mm and a thickness of 7 to 8 mm. 

6.2.2 Characterization 

 

6.2.2.1 X-ray Diffraction 

 

The mechanically alloyed powders along with the SPS samples, were analyzed using a 

Rigaku SmartLab X-ray Diffractometer with a Cu-K𝛼 radiation source (λ = 1.541862 Å), operating 

at 40 kV and 44 mA. Data were collected by scanning each alloy over a 2θ range of 20° to 80°, 

with a scan speed of 2.0 degrees per minute and a step size of 0.02 degrees. The samples were 

ground flat using 1200-grit SiC paper and polished to 0.05 µm, as detailed in the microscopy 

section. X’Pert HighScore Plus was used for background subtraction, Cu-Kα2 removal, peak fitting, 

and cross-referencing with known diffraction spectra. 

6.2.2.2 Density 

The density of each sample was measured using Archimedes’ principle with a Sartorius 

Quintix65-1S balance and a VF4601 density measurement kit. The density was calculated using 

Equation 1, where m is the mass of the sample in air, ɟfl is the fluid density, ɟa is the air density, 
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and Gcorr is the difference between the sample’s mass in air and in the fluid. A correction factor 

for the hanger assemblies was applied in calculating Gcorr. 

 𝜌= 
𝑚𝑎∙(𝜌𝑓𝑙−𝜌𝑎)

𝐺𝑐𝑜𝑟𝑟
+𝜌𝐴 (1) 

 

Ethanol was used as the fluid to prevent sampling errors due to hydrogen evolution. The 

density of the ethanol was determined by measuring the temperature and consulting the Sartorius-

provided lookup table. Each measurement was repeated three times with a 10-minute drying 

interval between measurements. 

6.2.2.3 Nanoindentation 

 

Nanoindentation was conducted using a Bruker Hysitron TI980 Triboindenter with a 1000 

µN load, a 10-second hold, and 20-second ramp times. A minimum of 10 measurements were 

taken across different regions of each sample. The statistical data were processed in Excel and 

plotted using Origin Pro. Prior to nanoindentation, samples were ground to 1200 grit with SiC 

grinding paper using ethanol as a lubricant and polished to 0.05 µm. 

6.2.2.4 Microscopy 

6.2.2.4.1 Scanning Electron Microscopy 

For scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy 

(EDXS), the samples were polished to a 0.05 µm finish using ethanol along with MetaDi® oil-

based diamond slurry, followed by a final polish with Buehler MasterPolish® (water-free, high-

purity alumina and colloidal silica). The polishing sequence included Buehler TexMet® C 

intermediate cloths for the 9, 3, and 1 µm polishing steps. After each step, the samples were cleaned 

with ethanol or isopropyl alcohol and sonicated for 2 minutes. The final cleaning stage involved 

polishing with ethanol on a fresh Buehler ChemoMet pad to remove any residual MasterPolish. 
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SEM imaging was carried out using a Hitachi UHR SU8700, with beam voltages adjusted 

between 2 and 20 kV. EDXS analysis was performed with an Oxford spectrometer and an 

insertable backscattered electron detector operating at 20 kV with high current. The acquired data, 

including EDXS maps, area scans, point analyses, and line spectra, were processed and analyzed 

using Oxford AZtec software. 

6.2.2.4.2 Scanning Transmission Electron Microscopy 

For focused ion beam (FIB) milling, a thin layer (~0.3 µm) of Pt was first deposited over 

a 10 µm × 3 µm area using a 2 kV electron beam to prevent surface damage. Subsequently, a 2 

µm thick Pt layer was deposited on top of this using a 30 kV ion beam. The surrounding area of 

the Pt-deposited region was then milled out using a 30 kV ion beam. The two side surfaces of the 

lamella were cleaned, and an inverted J-cut was made to prepare it for transfer onto the grid. At 

this stage, the lamella thickness was approximately 2 µm. Once on the grid, the lamella was further 

thinned and polished, with the ion beam voltage progressively reduced from 15 kV to 5 kV for 

both front and back surfaces. The final TEM sample was a 5 µm × 5 µm lamella with a thickness 

of approximately 80 nm. 

Selected area electron diffraction (SAED) patterns and bright-field imaging were 

performed on an FEI Talos operated at 200 kV in micro-diffraction mode. Elemental distribution 

was obtained in scanning transmission electron microscopy (STEM) mode using a Super-X EDS 

detector, while simultaneously capturing high-angle annular dark field (HAADF) images. 

6.2.2.5 X-ray photoelectron spectroscopy 

To analyze the surface of both alloys after a 5-minute immersion in 0.1 M NaCl solution, 

X-ray photoelectron spectroscopy (XPS) was performed. The specimens were polished to a 0.05 
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µm finish before immersion. XPS data were acquired using a SPECS system with a PHOIBOS 

150 analyzer. Spectra were collected from a ~78 mm² area, with 24 eV bandpass energy for the 

survey and 20 eV for high-resolution spectra. These spectra were processed using Casa XPS 

software for atomic concentration quantification. The vacuum chamber pressure was maintained 

at 10⁻⁹ torr, and binding energies were corrected to the C 1s peak at 285.0 eV. 

6.2.3 Corrosion 

6.2.3.1 Potentiodynamic Polarization 

The corrosion behavior was evaluated using potentiodynamic polarization (PDP) tests with 

a Biologic VMP-300 potentiostat. Sample surfaces were prepared by grinding with 1200-grit SiC 

sandpaper, using ethanol as a lubricant. A conventional three-electrode setup was employed in a 

flat cell from Princeton Applied Research, with a platinum mesh as the counter electrode and a 

saturated calomel electrode (SCE) as the reference. All PDP tests were conducted in 0.1 M NaCl 

solution at room temperature under ambient air. The open-circuit potential (OCP) was monitored 

for 20 minutes before polarization. Potential scans started 200 mV below the OCP, increasing at a 

rate of 1 mV/s until an anodic current density of 1 mA/cm² was reached. Each corrosion test was 

performed in triplicate. 

6.2.3.2 Immersion with in-situ optical microscopy 

Immersion tests were carried out in a 0.1 M NaCl solution at room temperature, using a 

500 mL beaker open to ambient air for 24 hours. The OCP was tracked with a potentiostat, against 

a SCE as the reference. A VM-100 Digital Stereo Microscope was employed for optical 

microscopy, and in-situ immersion imaging was automated using Python, capturing bursts of three 

images at regular intervals. Samples were mounted in epoxy, encasing the contact point with a 
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copper wire affixed to the back, ensuring that only the prepared surface was exposed to the 

solution. The surface of each sample was polished to 0.05 µm using the same method as detailed 

in the microscopy section.  

6.3. Results 

6.3.1 X-ray Diffraction  

X-ray diffraction (XRD) patterns were collected for four samples, two of which were ball-

milled alloy powders and two that were subsequently spark plasma sintered (SPS). The spectra, 

shown in Figure 6.1, include the following: TZ powder (black spectrum, bottom), TZ-SPS (red 

spectrum), 4TZ powder (blue spectrum), and 4TZ-SPS (green spectrum, top). 

 

 

 

 

 

 

 

 

 

Figure 6.1. XRD of TZ powder after milling (black), next TZ-SPS (red), third from the bottom (blue) milled 4TZ 

powder and the topmost (green) 4TZ-SPS. The background and satellite peaks were subtracted for analysis but 

included for presentation. The peaks for α-Mg are shown as black squares,  the green triangle indicates a peak that is 

the primary peak of both BCC TiZn and trigonal Mg21Zn25, peaks of FCC magnesium oxide (MgO) are shown as stars, 

and peaks of tetragonal Ti2Zn are shown as hexagons.  
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Each spectrum displays characteristic peaks for different phases present in the samples. 

Peaks corresponding to α-Mg (hexagonal close-packed structure) are marked by black squares. 

Peaks shared between TiZn (BCC) and Mg21Zn25 (trigonal)  are indicated by a green triangle. 

Peaks of MgO are marked by stars and peaks corresponding to tetragonal Ti2Zn are marked by 

hexagons. 

6.3.2.1 Scanning electron microscopy 

The microstructures of both alloy powders and bulk samples after sintering are shown in 

Figure 6.2, along with EDXS maps for TZ (a-d) and 4TZ (e-h). Figure 6.2c provides an enlarged 

view of the area in Figure 6.2a, revealing that the microstructure contained numerous micro-pores 

surrounded by Ti-rich phases. EDXS analysis indicated that these Ti-rich phases were particularly 

depleted in Mg. Additionally, the enlarged area map in Figure 6.2d showed evidence of Fe 

contamination. 

Figure 6.2. SEM micrographs of TZ (top row) and 4TZ (bottom row), (a) is a BSE image of the 

microstructure of TZ after spark plasma sintering, (b) is a BSE of the powder produced from 

milling, (c) shows a higher magnification BSE image of (a), and (d) is a magnified region of (c) 

with EDXS area maps, (e) is a BSE image of 4TZ after spark plasma sintering, (f) is a BSE of the 

powder after milling, (g) is an increased magnification BSE of (e), and (h) is a higher magnification 

BSE image of a region of (g) with EDXS area maps.  
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In the 4TZ alloy, micro-pores were more prevalent after SPS, as shown in Figure 6.2g. 

Unlike the TZ alloy, Ti-rich phases were absent in the 4TZ alloy; however, regions with higher 

Mg content and lower Zn content were observed. Fe contamination was less pronounced in this 

microstructure. 

6.3.2.2 Transmission electron microscopy microstructure 

Figure 6.3. TEM of TZ after 5 mins immersion in 0.1 M NaCl, (a) shows a selected area diffraction 

pattern and ring pattern of Area #3, (b) is the ring pattern from Area #2, (c) is a HAADF with 

EDXS, and (d) is the selected area diffraction pattern from Area #1. 

 

Figures 6.3 and 6.4 show scanning transmission electron micrographs of a cross section of 

TZ and 4TZ. The high-angle annular dark-field (HAADF) image of TZ in (Figure 6.3c) highlights 
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distinct areas (Areas #1, #2, and #3), with elemental maps showing the distribution of Mg, Ti, Zn, 

O, Fe, and C across these regions. Area #1 shows a high concentration of Ti and Zn, while Area 

#2 contains a more equal distribution of Ti and Zn. Area #3 contains a significantly higher 

concentration of Zn and a moderate amount of Mg.  

In (Figure 6.3a), the selected area electron diffraction (SAED) pattern and ring pattern from 

Area #3. The diffraction pattern matches a [001] zone axis of a trigonal Mg21Zn25, with (100) and 

(1-10) indexed, the ring pattern matches for Trigonal and body-centered cubic (BCC). 

Misalignment of the crystals is shown in the pattern. The ring diffraction pattern in (Figure 6.3b) 

corresponds to Area #2 and fits best to a BCC structure, though the SAED pattern was too chaotic 

to fit. This area contains a more equal distribution of Ti and Zn. Finally, the SAED pattern in 

(Figure 6.3d), taken from Area #1 along the [210] zone axis, is indexed to a body-centered 

tetragonal (BCT) Ti2Zn phase, with reflections from the (003), (1-25), and (1-22) planes. 

Figure 6.4a shows a HAADF image of a cross-section of 4TZ with two distinct areas 

marked for further analysis (Area #1 and Area #2). Elemental maps for titanium, zinc, oxygen, 

magnesium, and iron obtained through energy-dispersive X-ray spectroscopy are provided to the 

right. The quant data from the marked areas are shown in a table in at. %. The EDXS analysis 

indicated the presence of Ti and Zn, with Mg as the dominant element. Oxygen was also detected, 

suggesting the formation of oxides, while Fe was present in trace amounts. Figure 6.4b provides 

an enlarged HAADF image of Area #1, showing finer structural details. Figure 6.4c presents an 

indexed SAED pattern of Area #1, revealing ring patterns attributed to MgO (FCC) and some 

overlap with α-Mg, indicating that a mixture of oxide and metallic phases were present in this 

region. In Fig. 4d, the SAED pattern from Area #2 is shown, indexed to the [001] zone axis of α-

Mg, highlighting the HCP crystal structure of magnesium. 
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Figure. 6.4. TEM of the surface of 4TZ after 5 mins immersion in 0.1 M NaCl, (a) shows a 

HAADF image of an area of the cross section along with EDXS on the right, (b) shows an enlarged 

HAADF image of 4TZ, (c) is an indexed SAED pattern of Area #1 showing rings for MgO (FCC) 

and some overlap of Mg (HCP), and (d) is the indexed SAED pattern from Area #2 showing the 

[001] zone axis of α-Mg. 

 

6.3.3 Mechanical Properties and Density 

Figure. 6.5. (a) the hardness results from Nanoindentation, (b) the Young’s modulus calculated 

from nanoindentation, and (c) the density measured using Archimedes’ principle.  

 

The mechanical properties and densities of TZ and 4TZ are presented in Figure 6.5a-c. The 

hardness values obtained via nanoindentation were 5.5 ± 1.0 GPa for TZ and 5.1 ± 0.9 GPa for 
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4TZ. The corresponding Young’s moduli were 98.2 ± 11.2 GPa for TZ and 100.8 ± 9.6 GPa for 

4TZ. The measured densities were 4.387 ± 0.001 g/cm³ for TZ and 3.360 ± 0.002 g/cm³ for 4TZ. 

6.3.4 Corrosion  

6.3.4.1 Potentiodynamic Polarization 

The representative potentiodynamic polarization curves for TZ (black) and 4TZ (red) are 

shown in Figure 6.6. Both curves exhibit similar overall shapes, with slight differences in their 

cathodic branches. TZ shows a steeper cathodic slope compared to 4TZ, indicating a more rapid 

increase in current density with potential in the cathodic region. The corrosion potential (Ecorr) for 

both samples was between -1000 to -1100 mVSCE, with TZ showing a slightly more noble potential 

than 4TZ. The anodic branches diverge, with 4TZ displaying a higher current density at potentials 

above Ecorr. The average corrosion potential for TZ was -972.38 ± 78.08 mV, while 4TZ had an 

average potential of -1078.39 ± 2.31 mV. The corrosion current densities, calculated from the Tafel 

slopes, were 3.65 ± 0.65 µA/cm² for TZ and 4.58 ± 1.64 µA/cm² for 4TZ. 

Figure. 6.6. Potentiodynamic polarization curves of TZ-SPS (black square) and 4TZ-SPS (red 

circle) in 0.1 M NaCl.  
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6.3.4.2 Immersion for 24 hours in 0.1 M NaCl 

 

Figure 6.7 shows the optical microscopy images of TZ (top two rows, a-h) and 4TZ (bottom 

two rows, i-p) during immersion in 0.1 M NaCl over a 24-hour period. In TZ, minimal surface 

changes were observed during the first 3 hours (a-d), except with the appearance of hydrogen 

bubbles. Small areas of corrosion were more prominent after 6 hours (e) and grew through 9 hours 

(f) and 12 hours (g). By 24 hours (h), a widespread distribution of corrosion spots was present 

across the surface. 

Figure 6.7. Optical microscopy images of TZ in the top two rows (a-h) at 0 h, 0.5 h, 1 h, 3 h, 6 h, 

9 h, 12 h, 24 h, respectively and 4TZ in the bottom two rows (i-p) at 0 h, 0.5 h, 1 h, 3 h, 6 h, 9 h, 

12 h, 24 h, respectively during immersion in 0.1 M NaCl. 

 

In contrast, 4TZ exhibited significant surface change starting earlier in the immersion 

process. After 3 hours (l), the whole surface darkened along with some hydrogen evolution, and 

by 6 hours (m), large corrosion areas were visible. These areas expanded further at 9 hours (n) and 

12 hours (o), culminating in extensive corrosion coverage by 24 hours (p), with large patches and 
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interconnected corrosion regions across the surface, accompanied by extensive hydrogen 

evolution.  

6.3.5 Surface Characterization After 5 Minutes Immersion 

6.3.5.1 Scanning Transmission Electron Microscopy 

Figure 6.8. TEM of the surface of TZ after 5 mins immersion in 0.1 M NaCl, (a) shows a HAADF 

image of the larger area and (b) shows an enlarged HAADF image of the surface layer along with 

EDXS. 

 

Figure 6.8 shows TEM images of the surface of TZ after 5 minutes of immersion in 0.1 M 

NaCl, along with EDXS mapping from the region and elemental analysis from line scans. The 

enlarged HAADF image in (b) focuses on the surface layer, revealing a distinct boundary between 

the deposition layer and the sample surface. Two EDXS line scans (Line 1 and Line 2) were 

performed across this boundary to analyze elemental distribution. The EDXS maps on the right 
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correspond to key elements detected within the region, including O, Mg, Pt, Ti, Fe, and Zn. Line 

1 showed an enrichment of oxygen and depletion of Mg at the outermost surface, with Ti and Zn 

distributed below the surface layer. Whereas Line 2 shows less oxygen overall, but slightly more 

at the interface, additionally there is more Ti and Zn retained at the surface.  

6.3.5.2 X-ray Photoelectron Spectroscopy 

 

The results of  X-ray photoelectron spectroscopy (XPS) after 5 minutes of immersion in 

0.1 M NaCl are presented in Figure 6.9 with the TZ spectra in the top row and the 4TZ spectra in 

the bottom row. Both sets of high resolution spectra include peaks corresponding to Mg 2p, Zn 2p, 

Ti 2p, and O 1s. 

Figure 6.9. This figure shows the results from X-ray Photoelectron Spectroscopy of TZ (top row) 

and 4TZ (bottom row) after 5 minutes of  immersion in 0.1 M NaCl. 

 

For the TZ sample, the Mg 2p peak showed distinct components at lower binding energies, 

with contributions from Mg(OH)2 and MgO, while the majority of the spectrum was dominated 

by the bare metal peak (Mg⁰) at 58.04 at. %, with MgO accounting for 30.40 at. %. The Zn 2p 

spectrum revealed that the bare metal was more prevalent than the oxide, with 45.35 at. % Zn⁰ and 
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37.21 at. % ZnO. The Ti 2p spectrum indicated the presence of both TiO2 and lower-valence 

titanium oxides, with the oxide peaks comprising the majority of the scan at 83.97 at. %, while 

bare Ti contributed 16.03 at. %. The O 1s spectrum displayed components corresponding to 

hydroxides and oxides, with Ti oxides making up the majority of the detected species at 52.90 at. 

%, followed by MgO at 31.87 at. %. 

For 4TZ, the Mg 2p peak revealed contributions from Mg(OH)₂ and MgO, with Mg⁰ at 

62.70 at. % and MgO at 32.30 at. %. The Zn 2p spectrum showed that bare Zn was the primary 

species at 54.28 at. %, followed by ZnO at 37.82 at. %. The Ti 2p spectrum of 4TZ showed the 

presence of TiO2 and other oxides, where the oxide species accounted for 79.51 at. % of the 

spectrum, with bare Ti at 20.49 at. %. The O 1s spectrum was dominated by MgO at 51.69 at. %, 

with Ti oxides comprising 38.19 at. %. 

 

6.4. Discussion 

6.4.1 X-ray diffraction 

The XRD spectra of TZ and 4TZ alloys revealed complex phase compositions, with notable 

differences between the powders and their respective SPS samples. TEM analysis was necessary 

to confirm certain phases where identification based solely on XRD was challenging. 

In the TZ powder, the XRD data showed a weak indication of HCP Mg, though the overall 

pattern appeared somewhat amorphous or highly disordered, with a broad hump where key peaks 

would typically appear. After SPS, the XRD spectra of TZ-SPS revealed the emergence of the 

Ti2Zn (tetragonal) phase as a major component, marked by hexagons in Figure 6.1. An initial 

assessment identified a peak at a position typically associated with Ti-HCP. However, closer 

inspection and confirmation via TEM indicated that this peak likely corresponded to a mixture of 
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phases, including TiZn (BCC) and Mg21Zn25 (trigonal), with Ti-HCP possibly contributing as a 

minor phase. Elemental mapping from TEM further supported this interpretation, showing a 

balanced distribution of Ti and Zn across large regions. The presence of multiple phases in this 

peak region suggests complex phase interactions in TZ, where Ti and Zn may form various 

intermetallic compounds or exist in metastable configurations due to the alloying and processing 

conditions. The transition to more defined phases in the SPS sample reflected the crystallization 

and ordering promoted by sintering, which is discussed further in the microscopy section. 

The 4TZ powder showed α-Mg peaks along with peaks associated with FCC magnesium 

oxide. The high MgO content observed in the 4TZ samples (both powder and SPS) contrasted with 

the TZ samples, where MgO was not apparent. The significant presence of MgO in the milled 4TZ 

powder suggested oxygen contamination during the milling process, similar to observations by 

Grosjean et al.313. The high reactivity of magnesium promotes rapid oxidation under high-energy 

milling conditions, which repeatedly fracture and expose fresh Mg surfaces. As in similar studies, 

oxygen incorporation likely occurred early in the milling process, potentially from residual air or 

oxides on the milling media, leading to MgO levels that stabilized over time313,314. Significant 

oxidation without ignition could be attributed to the presence of Ti, which likely stabilized the 

reactive Mg surfaces during ball milling, enabling controlled oxidation while preventing the 

pyrophoric ignition typically associated with Mg particles exposed to oxygen315. The persistence 

of MgO through SPS indicates that this oxide layer was robust enough to withstand the 

temperatures involved in sintering.  

Interestingly, the main peak of α-Mg in the XRD spectra did not appear to shift 

significantly, suggesting that the lattice structure of Mg remained largely unaltered in terms of 

peak position despite the addition of alloying elements. The formation of different oxide phases 
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could not be ruled out; it was plausible that Ti and Zn might have dissolved within the MgO matrix, 

potentially forming mixed oxide structures or complex oxide phases, as observed in316. This 

hypothesis could explain the absence of distinct Zn or Ti peaks, as their presence may have been 

masked within the broad MgO-related peak. Alternatively, Ti and Zn might have doped the MgO 

structure, as shown in the study by Akgul317. 

Additionally, peak broadening due to strain and defects introduced during milling may 

have been extensive enough to obscure the primary peaks of Ti and Zn, further complicating their 

direct detection. Thus, while incorporation into an Mg oxide structure was a reasonable hypothesis, 

the broad peak widths limited our ability to discern whether Ti and Zn were present as discrete 

phases or fully solutionized within the Mg or MgO lattice. Typically, a peak shift would have been 

expected if significant solutioning had occurred, as the lattice would expand or contract to 

accommodate the alloying atoms. 

The broad, slightly amorphous hump observed in the TZ powder’s XRD data suggested 

substantial structural disorder, likely due to strain and defects introduced during milling, which 

may have masked subtle shifts. This disorder contrasted with the sharper, well-defined peaks in 

the SPS sample, where crystallization and ordering were enhanced by sintering. Attempts to 

analyze lattice parameters or assess solid solution effects proved challenging due to the broad peak 

widths and potential overlapping peaks, which obscured precise lattice constant measurements 

typically used to infer solid solution behavior 
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6.4.2 Scanning electron microscopy 

The observed microstructural differences between the alloys highlight the influence of ball 

milling and spark plasma sintering on composition, phase distribution, and porosity. In TZ, the 

presence of Ti-Zn rich phases alongside the micro-pores suggests segregation of alloying elements 

during SPS, potentially due to insufficient homogenization during milling. Without proper 

homogenization, localized regions with higher concentrations of Ti and Zn could act as nucleation 

sites for phase formation during sintering. Elevated temperatures during SPS have been shown to 

promote the segregation of alloying elements and the formation of secondary phases, such as 

intermetallics or solute-rich regions309,310. Moreover, the limited mutual solubility between Mg 

and Ti, along with the lack of intermetallic compound formation between them318, further explains 

why Mg segregated from the region, leading to the formation of a Ti- and Zn-rich phase. Localized 

Joule heating at particle boundaries during SPS likely yielded elevated temperatures in these areas, 

accelerating the diffusion of Mg out of regions near the particle edges319. 

In the 4TZ alloy, the absence of an obvious Ti-Zn rich phase may have indicated better 

homogenization during milling, which could have reduced the effect of Joule heating on Mg 

mobility due to the larger atomic percentage of Mg. However, the densification of the 4TZ alloy 

appeared to be less effective than that of TZ, with numerous gaps visible between sintered particles 

(Figure 6.2g). The increased porosity in 4TZ could have been the result of smaller powder particle 

sizes, which may have led to agglomeration and clustering. As observed by Sharma320, finer 

particles, particularly nanoparticles, tend to increase inter- and intra-particle porosity due to 

difficulties in achieving uniform dispersion and the formation of agglomerates. These 

agglomerates likely hindered proper densification, resulting in greater porosity, as was evident in 
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4TZ. On the other hand, porosity could’ve been the result of low sintering temperature or pressure 

which has been well established321–323. 

  

6.4.3 Transmission electron microscopy microstructure 

The TEM analysis of the TZ and 4TZ alloys provided insights into phase formation, 

structural stability, and mechanical properties as affected by composition and processing. In the 

TZ alloy, the formation of distinct phases such as Ti2Zn (body-centered tetragonal, BCT) and a 

disordered BCC structure with nearly equal distributions of Ti and Zn confirmed that Mg migration 

occurred during sintering, likely facilitated by Joule heating319. This heating effect, also observed 

in SEM, likely enhanced Mg diffusion away from Ti- and Zn-rich regions, allowing stable 

intermetallic compounds to form under SPS conditions. 

The formation of Ti2Zn, rather than other Ti-Zn compounds, aligned with its high cohesive 

energy, making it one of the most stable and energetically favorable phases in the Ti-Zn system. 

As Mg diffused away, Ti2Zn became the preferred phase, contributing to the alloy's mechanical 

integrity with its rigid, ordered structure. The observed BCC structure in TZ likely corresponded 

to TiZn, as DFT calculations have highlighted the stability of both TiZn and Ti2Zn324,325. This 

interpretation was further supported by EDXS data, which showed nearly equivalent atomic 

percentages of Ti and Zn, consistent with TiZn stoichiometry.  

The region from Area #3 exhibited a complex crystal structure, with a ring pattern that 

aligned best with trigonal and BCC structures. The diffraction spot pattern corresponded to the 

[001] zone axis of the Mg21Zn25 phase, though significant crystal misalignment was observed. 

EDXS data showed this region to have the highest Mg content in the TZ alloy, supporting the 

presence of Mg21Zn25. The remaining stoichiometry suggested a potential Ti3Zn phase, as the [-
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111] zone axis of Ti3Zn closely resembles the [001] zone axis of the trigonal structure, which may 

explain the observed misalignment. 

Together, these findings suggest that Ti and Zn preferentially formed stable intermetallic 

compounds under the SPS conditions, which contributed to the alloy’s hardness and stability. 

Additionally, residual structural defects from ball milling further impeded dislocation motion, 

enhancing hardness. This combination of intermetallic strengthening and strain hardening from 

retained defects appears to counteract potential softening effects from the sintering process. 

In the 4TZ alloy, the higher Mg content led to a distinct phase distribution, with a 

significant presence of MgO and α-Mg. The formation of MgO, likely due to oxygen 

contamination during processing, contributed to the increased surface hardness of 4TZ326,327. The 

primary phases observed in 4TZ included α-Mg, small Ti-rich particles, and a predominant 

microstructure represented by Area #1. The ring pattern in this region matched MgO, with some 

overlapping peaks suggesting the presence of HCP α-Mg. EDXS data indicated Ti and Zn in this 

area, yet no distinct diffraction peaks for separate oxide species were observed, suggesting that Ti 

and Zn may have been in solid solution within the MgO or Mg matrix, or present in quantities too 

small to be detected by diffraction.  

The SAED pattern of Area #2 corresponded to α-Mg, with quantitative data indicating that 

this region was nearly devoid of Ti, while some Zn was present, likely in solid solution with Mg. 

During the SPS process, as in TZ, Mg diffused away from Ti and Zn; however, in 4TZ, the limited 

concentration of solute elements was insufficient to form a new solute-rich phase. Additionally, 

the stability of MgO under high SPS temperatures may have restricted the diffusion and reactivity 

of Ti and Zn, preventing the formation of additional phases. The higher diffusivity of Mg under 

SPS conditions likely allowed it to migrate away from Ti and Zn, which remained relatively fixed, 
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potentially due to partial association with MgO formed during milling327. This difference in 

mobility facilitated the segregation of Mg, stabilizing a Ti-Zn-doped MgO structure317. 

Overall, the formation of stable intermetallic and oxide phases in TZ and 4TZ provided 

structural rigidity, reinforcing hardness through both intermetallic strengthening and residual 

strain hardening from ball milling, countering potential softening from sintering. 

 

6.4.4 Mechanical properties and density 

Both TZ and 4TZ had hardness values about 1 GPa lower than Ti-6Al-4V after similar 

milling processing328, ball milling yields highly disorder crystal structures full of defects resulting 

in high hardness even with softer constituent elements like Mg. This is underscored by 4TZ having 

had a similar hardness to TZ, despite 4TZ having four times more magnesium. When compared to 

the hardness of Mg-based alloys after ball milling the hardness of TZ and 4TZ were about four 

times greater329. The slightly lower hardness of 4TZ compared to TZ may have been the result of 

the addition of Mg, the apparent porosity, or both.  

The values of Young’s modulus for both TZ and 4TZ are similar to commercial Ti alloys 

produced through traditional means, 100-130 GPa306,314. It was noted that the elastic moduli 

between the two alloys overlapped and 4TZ had a slightly higher average than TZ despite 

containing more Mg. This difference was attributed to differing phase compositions, increased 

amounts of β-Ti (BCC) have been shown to reduce the stiffness of Ti-based alloys306. The Asano 

et al. study supports this observation, showing that increased Mg content stabilizes the HCP phase 

and limits the formation of the BCC phase, as Mg-rich compositions are less conducive to BCC 

Ti formation. The findings from Asano et al. indicate that Mg tends to favor HCP structures in the 

Mg-Ti binary system due to limited solubility and structural incompatibility with BCC Ti, which 
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could explain why 4TZ, with its higher Mg content, exhibits a slightly higher stiffness despite the 

general softening effect of Mg330. As expected, due to its higher Mg content, 4TZ exhibited a lower 

density than TZ, aligning with the compositional design rather than indicating process-related 

porosity differences. 

6.4.5 Corrosion 

6.4.5.1 Potentiodynamic polarization 

 

As previously noted, the corrosion potential of TZ was more noble compared to 4TZ, 

consulting a Pourbaix diagram, however, showed that they are in the same region where Zn and 

Mg were dissolving and TiO2 was stable. The more consistent corrosion potential for 4TZ, 

compared to the larger scatter for TZ, was a result of the more homogeneous microstructure of 

4TZ post sintering. The higher corrosion current density of 4TZ compared to TZ further supports 

the notion that 4TZ experienced slightly more aggressive corrosion under similar conditions.  

In the TZ alloy, the presence of Ti2Zn likely contributed to increased corrosion resistance. 

A study by Şuctic et al. demonstrated that Ti-rich intermetallics in Zn alloys acted as corrosion 

barriers, stabilizing the surrounding matrix296. Similarly, Ti2Zn may have helped stabilize the Mg 

matrix, acting as a barrier slowing propagation of corrosion fronts, while also promoting localized 

anodic dissolution of Mg due to galvanic interactions. This localized effect, along with the 

distribution of Ti-rich phases around micro-pores, may have created cathodic sites, leading to 

variations in corrosion susceptibility across the alloy. Additionally, Fe contaminants likely acted 

as further cathodic sites, accelerating corrosion in both alloys. 

On the other hand, 4TZ exhibited a more porous microstructure after sintering, as observed 

in the SEM micrographs, but there did not appear to be obvious phases beyond Mg and MgO. 

MgO initially acted as a passivating layer, potentially slowing down corrosion initiation; however, 
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this protection was short-lived in an aggressive NaCl environment, where chloride ions could 

penetrate and disrupt the oxide layer. The absence of a Ti-rich phase in 4TZ means there was 

reduced galvanic effect that was apparent in TZ, but the increased porosity may have contributed 

to the higher anodic dissolution rates observed in the PDP curve. 4TZ is further away from the 

hydrogen stability line than TZ is when consulting Pourbaix, so more hydrogen evolution would 

be expected during anodic polarization331. The anodic branches of both TZ and 4TZ start to diverge 

above the open circuit potential, with 4TZ displaying a higher current density than TZ. This 

indicates that 4TZ is more susceptible to anodic dissolution at higher potentials, leading to a higher 

rate of metal ion release into the solution. The micro-pores provided pathways for penetration of 

aggressive chloride ions, facilitating localized corrosion.  

6.4.5.2 Immersion 

The TZ alloy showed relatively slow corrosion onset, with minimal changes observed in 

the first 3 hours, marked only by hydrogen evolution. Corrosion began to appear at 6 hours and 

gradually spread across the surface by 24 hours, showing distributed spots of corrosion. 

In contrast, 4TZ corroded much more aggressively. Surface darkened and hydrogen 

evolution occurred by 3 hours, and large corrosion patches appeared by 6 hours. These areas grew 

significantly, and by 24 hours, the surface was dominated by interconnected corrosion regions and 

more extensive hydrogen evolution. 

6.4.6 Surface after immersion  

6.4.6.1 Transmission electron microscopy 

The surface of TZ-SPS after immersion was investigated using TEM, providing insights 

into the corrosion mechanisms, particularly the role of Mg dissolution, pH changes, and oxide 

formation. Following immersion, Mg began to dissolve from the surface layer, as indicated by 
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EDXS analysis, which showed a depletion of Mg and an enrichment of oxygen at the outermost 

surface. Kim et al. reported that Mg dissolution in aqueous NaCl solutions lead to an increase in 

local pH due to Mg(OH)2 formation, raising alkalinity in the alloy's immediate vicinity298. The 

increase of pH at the surface of TZ helped stabilize Zn and Ti oxides, as both ZnO and TiO2 are 

more stable in alkaline environments332,333. 

In this elevated pH environment, Zn exhibits enhanced stability, aligning with Pourbaix 

diagrams showing Zn's immunity to corrosion within this potential range332. As Mg continued to 

dissolve, a slight limiting current was observed in the PDP curve, indicating the point at which 

ZnO and TiO2 began to fail under increased anodic dissolution. Prior to this oxide breakdown, 

ZnO and TiO2 likely contributed to localized corrosion resistance, partially protecting the 

underlying Mg from dissolution. 

The HAADF images and EDXS maps revealed a thin oxide layer on the surface, though 

line scans indicated minimal oxygen content within deeper Ti-rich zones, suggesting that the oxide 

layer was largely confined to the surface. This thin oxide may have initially slowed corrosion 

spread. Therefore, the observed corrosion mechanism involved Mg dissolution and an increase in 

local pH, which temporarily stabilized ZnO and TiO2 layers, acting as barriers and delaying 

broader corrosion onset, especially in chloride-rich environments. 

6.4.6.2 X-ray photoelectron spectroscopy 

Overall, XPS analysis showed that both TZ and 4TZ demonstrated the presence of surface 

oxides and hydroxides after 5 minutes of immersion, with minor variations in peak intensities and 

positions between the two samples. For the TZ alloy, the data indicated the surface was dominated 

by Mg⁰ and TiO2. This suggested that Mg(OH)2 and MgO form, but bare Mg remains most 
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prevalent. TiO2 likely played a key role in passivating the surface, contributing to the alloy’s 

corrosion resistance.  

For 4TZ, XPS showed a higher concentration of bare Mg⁰ and more significant 

contributions from MgO. TiO2 was still detected but at slightly lower levels, indicating that Mg 

was more dominant in shaping surface reactions compared to TZ. 

The higher presence of Mg(OH)2 and MgO on both alloys indicated that Mg remained a 

primary active element, contributing to the surface corrosion behavior, while TiO2 stabilized the 

surface to a greater extent in TZ than 4TZ, correlating with the observed corrosion resistance 

differences. 

6.5 Conclusions 

This study investigated the effects of composition and processing on the microstructure, 

mechanical properties, and corrosion resistance of spark plasma sintered Mg-Ti-Zn alloys, 

specifically TZ and 4TZ compositions. Key findings include: 

¶ Corrosion Resistance of Intermetallic Phases: The presence of Ti2Zn in TZ aided corrosion 

resistance by creating stable intermetallic phases that acted as barriers, slowing the 

progression of corrosion fronts. In contrast, the absence of these stable phases in 4TZ, along 

with its higher MgO content, contributed to increased anodic dissolution in chloride 

environments due to microstructural porosity. 

¶ Microstructural Differences and Oxide Stability: XPS and TEM analyses revealed that Mg 

dissolution and the resulting local pH increase contributed to the stability of species in the 

thin surface film, especially TiO2 and ZnO in TZ. These oxides formed very thin protective 

layers, which delayed corrosion initiation. In 4TZ, the dominant presence of MgO and a 
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homogeneous Mg-rich structure offered less protective capacity against chloride-induced 

degradation. 

¶ Mechanical Properties and Porosity: Both TZ and 4TZ displayed enhanced hardness and 

stiffness, attributed to the effects of strain hardening from ball milling and intermetallic 

strengthening. However, 4TZ exhibited slightly lower hardness due to increased porosity 

and higher Mg content, which diminished its mechanical stability relative to TZ. 

Future Directions 

To further improve the corrosion resistance and mechanical properties of Mg-based alloys 

like TZ and 4TZ, future work could focus on refining the alloy composition and processing 

parameters. Reducing Ti content and increasing Zn may help minimize Ti-rich phase segregation, 

enhancing alloy homogeneity and potentially improving corrosion resistance. Optimizing ball 

milling and SPS conditions could also reduce porosity and create a more uniform microstructure, 

reinforcing both mechanical stability and corrosion resistance. Finally, introducing other 

biocompatible elements may provide additional stabilization of oxide and intermetallic phases, 

offering a pathway to even more robust performance in biomedical and structural applications. 
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6.6 Supplementary 

Figure 6.10. (a) shows the Nyquist plots of TZ-SPS at 0 min, 30 min, 1, 3, 6, 9,12, 18,  and 24 h, 

(b) is the bode plot of the same time segments for TZ, (c) and (d) are the corresponding Nyquist 

and bode plots for 4TZ for the same times.  

 

The Nyquist and Bode plots for TZ-SPS and 4TZ-SPS in 0.1 M NaCl over 24 hours (Figure 

a-d) reveal distinct corrosion behaviors for the two alloys. In the Nyquist plots (a, c), TZ-SPS 

exhibits a continuous shift to higher impedance values with time, suggesting the formation and 

stabilization of a protective corrosion product layer. However, 4TZ-SPS shows a less pronounced 

impedance increase and more scattered data, indicating a less stable or protective surface layer. 
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The Bode plots (b, d) further highlight these differences. TZ-SPS shows a consistent 

increase in impedance magnitude (|Z|) at low frequencies over time, correlating to enhanced 

surface passivation. The phase angle remains relatively stable at intermediate frequencies, 

implying the development of a durable corrosion product film. In contrast, 4TZ-SPS demonstrates 

lower overall impedance and a more fluctuating phase angle, indicating less effective passivation 

and potentially higher localized corrosion. These observations suggest that TZ-SPS exhibits 

superior corrosion resistance compared to 4TZ-SPS in this environment, likely due to differences 

in porosity, secondary phases, or microstructural stability after spark plasma sintering. 

Figure 6.11. This is a schematic of the proposed corrosion surface, and the circuit used to fit the 

EIS data. 

The schematic illustrates the electrochemical processes and layers influencing the 

impedance response of the alloy in solution. The equivalent circuit includes a solution resistance 

(Re), a Warburg element (W) representing hydrogen evolution, and two capacitive components 

(Qox and Qmox) corresponding to the oxide layers, though they may also be corrosion products. The 

diagram highlights the formation of a mixed Ti/Zn oxide layer above a Ti/Zn-rich region, with a 

diffusion-controlled Mg(OH)2 layer and MgO on the surface. The underlying Mg-rich regions 
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contribute to the overall corrosion dynamics. This layered structure and circuit model reflects the 

interplay between diffusion, oxide formation, and substrate microstructure during corrosion 

processes, consistent with the EIS data interpretation. 

 

 

 

Figure 6.12. Plots of the hydrogen evolution measured for TZ and 4TZ. 

Hydrogen evolution for TZ and 4TZ was measured using the gravimetric method. While 

the total amount of hydrogen evolved by each sample was approximately the same, 4TZ exhibited 

greater resistance to anodic hydrogen evolution compared to TZ. This behavior is likely attributed 

to the increased presence of MgO in the 4TZ sample, as identified by TEM analysis. The graph 
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illustrates the negative difference effect observed in magnesium alloys, where hydrogen evolution 

is more pronounced during the anodic portion of the curve than in the cathodic portion. 

 

Figure 6.13. (a) shows a an SEM BSE micrograph with EDXS of TZ-CC, (b) shows a micrograph 

of TZ-CC after 24 h at 300 °C, (c) shows SEM BSE of TZ-CC after 1 h 450 °C, and (d) shows the 

PDP curves of (a) No HT, (b) 300C 24h, and (d) 450C 1h tested in 0.1 M NaCl. 

 

 

Heat treatments and subsequent polarization tests were performed along with SEM imaging 

to understand the effect of heat treatments on the corrosion performance of TZ. The microstructure 

of the cold compacted TZ sample (TZ-CC) without any heat treatment is shown in Figure 6.13a. 

From the EDXS segregations of Mg, Ti, Fe, and O were evident with only Zn appearing well 

mixed. Iron and titanium rich particles were visibly present as small spherical particles in the 

microstructure. After 24 hours at 300 °C (Figure 6.13b) the microstructure was visibly more 

homogenous with less obvious segregations, though Ti and Mg lean regions were still observed 

from the EDXS.  The higher heat treatment temperature of 450 °C for 1 h (Figure 6.13c), presented 
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a slightly different microstructure again, with a distinct texturing observed at the surface. The Mg 

and Zn did not appear as segregated in this sample.  

For corrosion performance, shown in 6.13d, TZ-CC-450C showed the most improvement 

to corrosion performance with an increase in nobility and the largest reduction in current density. 

The anodic branches of the heat treated samples were quite distinct from the non-heat treated 

sample. The TZ-CC-300C shows a gradual increase in current density, indicating delayed anodic 

dissolution and improved corrosion resistance, likely due to a more protective surface layer. In 

contrast, TZ-CC-450C shows less stability in the anodic region. Figure 6.14 shows PDP curves 

inclusive of other heat treatment temperatures and times. Higher heat treatment temperatures 

resulted in poorer corrosion resistance, as evidenced by an enhancement in the cathodic branch. 

Lower to moderate temperatures produced more stable anodic behavior compared to higher 

temperatures. This suggested that the anodic response of the TZ alloy can be optimized by carefully 

tailoring the microstructure. Post-milling heat treatments, when appropriately controlled, improve 

homogeneity and can enhance overall corrosion performance. 

Figure 6.14. PDP curves from all heat treatments of TZ-CC, tested in 0.1 M NaCl.  
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CHAPTER 7: MULTI-PRINCIPAL ELEMENT ALLOYS CONTAINING MAGNESIUM 

7.1 Introduction 

The literature review in Chapter 2 discussed common alloying elements used in the 

development of corrosion resistant magnesium based alloys. The elements selected in this study 

were chosen from the relevant literature shown there. Seven multi-principal element alloys 

(MPEA) were generated in this study in various compositions of the following elements Li, Al, 

Ti, Zn, Nb, In, and Sn. The specific compositions are listed in detail in Table 7.1. 

 

Table 7.1. The alloys that were synthesized and tested in this chapter.  

Alloy Elements At. % Wt. % Consolidation Solution 

Mg4(TiZnSn)3 
Ti 23.08 18.11 

CC & SPS 0.1 M NaCl Zn 23.08 24.73 

Sn 23.08 44.90 

MgLiAlTiZnNbSn 

Li 14.29 1.81 

CC & SPS 0.1 M NaCl 

Al 14.29 7.04 

Ti 14.29 12.50 

Zn 14.29 17.07 

Nb 14.29 24.25 

Sn 14.29 30.99 

Mg4(TiZnInSn)3 

Ti 18.75 12.62 

CC 0.1 M NaCl 
Zn 18.75 17.24 

In 18.75 30.28 

Sn 18.75 31.31 

Mg10Sn2TiIn 
Ti 7.14 7.44 

CC 0.1 M NaCl In 7.14 17.85 

Sn 14.29 36.91 

Mg4TiInSn 
Ti 14.29 12.64 

CC 0.1 M NaCl In 14.29 30.32 

Sn 14.29 31.35 

Mg4(TiSn)3In2 
Ti 25.00 17.37 

CC 0.1 M NaCl In 16.67 27.78 

Sn 25.00 43.08 

Mg2LiAlTiSn 

Li 16.67 10.83 

CC 0.1 M NaCl 
Al 16.67 2.79 

Ti 16.67 19.22 

Sn 16.67 47.65 
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7.2 General discussion 

 

Figure 7.1 shows a summary of the corrosion rates for these alloys tested in 0.1 M NaCl. 

All of the alloys demonstrate more noble corrosion potentials than the Mg control sample, which 

is consistent with the high content of ennobling elements such as Ti, Sn, and others in their 

compositions. Among the alloys tested, Mg4(TiZnSn)3 showed the lowest corrosion rate and most 

noble behavior, due to the large amount of Ti and Sn present in the alloy. The corrosion behavior 

of Mg4(TiZnSn)3 and MgLiAlTiZnNbSn were evaluated through a combination of 

potentiodynamic polarization (PDP), X-ray diffraction (XRD), scanning electron microscopy 

(SEM), and X-ray photoelectron spectroscopy (XPS) analyses. These techniques provided insights 

into the alloys’ corrosion resistance, surface film composition, and microstructural characteristics 

in 0.1 M NaCl. Both alloys were selected for further investigation, because of their low corrosion 

rates, but also their unique anodic behavior during polarization which is shown in the next figure.  

Mg4(TiZnSn)3 and MgLiAlTiZnNbSn were also consolidated via spark plasma sintering 

(SPS) to improve density, but despite determining their melting temperatures using calorimetry 

 

Figure 7.1. The Ecorr vs. icorr of the CC alloys after milling corrosion tested in 0.1 M NaCl. 
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the SPS samples did not appear to have improved density. Micrographs of samples of these alloys 

for cold compacted (CC) and SPS are shown in Figure 7.2c-f. Despite attempts to improve density 

through SPS, as informed by calorimetry measurements of melting temperatures, the samples 

showed no apparent improvement in densification. 

 
Figure 7.2. (a) the potentiodynamic polarization curves of Mg4(TiZnSn)3-CC, MgLiAlTiZnNbSn-

CC, Mg4(TiZnSn)3-SPS, MgLiAlTiZnNbSn-SPS, and the control, (b) shows the XRD spectra of 

both alloys after milling (c) shows a BSE SEM micrograph of Mg4(TiZnSn)3-CC, (d) BSE of 

Mg4(TiZnSn)3-SPS, (e) BSE MgLiAlTiZnNbSn-CC, and (f) BSE MgLiAlTiZnNbSn-SPS.  

 

Porosity was evident in both the CC and SPS samples, particularly in the latter, indicating 

that the sintering process was unable to achieve full consolidation. The presence of interconnected 

porosity created pathways for electrolyte ingress, increasing the exposed surface area and 

providing sites for localized corrosion when immersed in NaCl solution. This structural feature 

directly impacted the corrosion behavior observed in the PDP analysis, where electrolyte 

infiltration through the porous network likely accelerated corrosion.  

The lack of apparent phase contrast in the SPS samples suggested that higher sintering 

temperatures might have been necessary to improve densification. However, analysis of the XRD 

spectra (Figure 7.2b) revealed numerous intermetallic phases, indicating that milling had not fully 

solutionized the elements to create a single phase, which likely contributed to the alloy’s resistance 

to consolidation. The retained porosity was attributed to the increased hardness of the powder 
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particles from cold working during mechanical alloying, compounded by the high-temperature 

stability of various intermetallic phases formed by the alloy’s multi-element composition. 

7.3 Discussion of Mg4(TiZnSn)3 

The anodic behavior of Mg4(TiZnSn)3-CC was particularly notable, Figure 7.2a. Unlike 

the control, the anodic region suggested the formation of a protective surface film, likely due to 

the specific alloying elements present. Ti and Zn have been shown to promote passivation effects, 

while Sn is known to support the formation of stable oxides in Mg334,335. Together, these elements 

likely contributed to a mixed oxide layer that acted as a barrier against further oxidation. 

Additionally, cathodic polarization may have increased the local pH due to Mg dissolution, 

promoting the formation of a dense corrosion product. This product, combined with the likely 

oxides from Ti, Zn, and Sn, likely formed a composite protective layer that resisted anodic 

degradation, thereby enhancing corrosion resistance during polarization. The presence of Mg2Sn 

was detected via XRD, shown in Figure 7.2b. The corrosion rate would have been even lower 

except for the appearance of the Mg2Sn phase which has been shown to accelerate pitting corrosion 

in Mg-Sn alloys334,336.  

X-ray photoelectron spectroscopy (XPS) of the surface of Mg4(TiZnSn)3-CC after five 

minutes immersion in 0.1 M NaCl, shown in Figure 7.3, revealed the presence of Zn, Ti, and Sn 

oxides, with ZnO appearing as the most prominent oxide species (as indicated by the O 1s peak), 

the binding energies are within the standard deviations found in literature337–339. The majority of 

the surface composition, however, was dominated by hydroxides, particularly Mg(OH)2, as 

identified in high-resolution spectra of each species. 

The XPS findings align with the trends observed in the PDP curve, where a breakdown in 

the surface film was evident. This breakdown suggests that while the initial oxide layer may 
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provide some barrier effect, it undergoes localized degradation during polarization, likely due to 

chloride ion penetration and the partial dissolution of oxides and hydroxides. The transient nature 

of the oxide layer indicated by the PDP behavior points to a mixed oxide/hydroxide film on the 

surface, with ZnO, Ti-oxides, and Sn-oxides providing partial passivation but insufficient to 

prevent all corrosion activity. 

Figure 7.3. O1s, Zn 2p, Ti 2p, and Sn 3d XPS peaks for Mg4(TiZnSn)3-CC after 5 min immersion 

in 0.1 M NaCl. 

 

The formation of ZnO as the predominant oxide is consistent with zinc’s known role in 

enhancing corrosion resistance by contributing to a stable, albeit thin, passive layer340. However, 

the XPS data indicate that this passive film is weak and possibly discontinuous, as evidenced by 

the PDP curve’s signs of film breakdown. Ti-oxides and Sn-oxides may contribute additional 
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protective effects, though their presence in lower quantities suggests they may not form a 

continuous layer, instead existing as localized surface species.  

The predominance of hydroxides in the O 1s XPS spectra further supports the interpretation 

of a dynamic, mixed film. Mg(OH)2 likely forms rapidly upon immersion, as magnesium’s high 

reactivity with water tends to generate hydroxide layers rather than stable oxides341. This 

hydroxide layer, however, is typically porous and less protective in chloride-containing 

environments, allowing for progressive film breakdown, as seen in the PDP results. The localized 

pH increase at active sites during cathodic reactions likely facilitated the growth of both Mg(OH)2 

as well as Zn(OH)2, zinc hydroxide is known to form on top of ZnO in increasingly alkaline 

environments342. While the presence of Zn(OH)2 may have temporarily enhanced the surface 

film’s stability, this mixed hydroxide layer ultimately could not withstand anodic polarization. The 

film’s integrity was compromised, leading to localized breakdown as the anodic potential 

increased. 

7.4 Discussion of MgLiAlTiZnNbSn 

The PDP curve for MgLiAlTiZnNbSn displayed a unique behavior compared to typical 

magnesium-based alloys, exhibiting a limiting current density rather than clear signs of film 

breakdown. This behavior, often observed in Ti-coated Mg alloys, suggests that the surface film 

on MgLiAlTiZnNbSn may provide a level of passivation343. However, unlike Ti-coated Mg alloys, 

this alloy reached the limiting current at much lower anodic potentials, indicating that the film is 

likely less robust in terms of resistance to dissolution. 

The observed limiting current indicated the potential of a dynamic, multi-layered 

oxide/hydroxide film that restricted further anodic dissolution by limiting the availability of active 

sites on the surface. This film likely involved contributions from multiple oxides and hydroxides 
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(e.g., Nb, Zn, Sn, and Mg species), which built up during polarization and provided a barrier effect. 

Such a film limited the anodic reaction rate, leading to a plateau in current density. However, the 

exact stability and self-healing capability of this film remained uncertain, as no reverse scans could 

be conducted to confirm passivity or evaluate hysteresis effects. 

It is also possible that the accumulation of various oxides and hydroxides on the surface 

formed a porous or loosely adhered film that restricted further Mg dissolution but did not fully 

protect the alloy over extended exposure. Visual inspection of the samples post-PDP testing 

revealed significant surface corrosion, suggesting that while the film slowed down corrosion 

initially, it was not entirely stable under prolonged polarization. The presence of porous or poorly 

adhered corrosion products likely facilitated a pseudo-passive behavior, where the film controlled 

the dissolution rate to an extent but lacked the durability of a truly passive, stable oxide layer. 

The XRD pattern of MgLiAlTiZnNbSn reveals a predominantly amorphous structure, with 

no distinct crystalline peaks observed. This lack of crystallinity was attributed to the complex 

composition of the alloy and conditions of synthesis. Amorphous materials are often associated 

with enhanced corrosion resistance due to the absence of grain boundaries, which are typical 

initiation sites for corrosion344. However, the PDP results indicate that this inherent resistance was 

not sufficient in this alloy, as the amorphous structure alone did not yield a low corrosion rate. The 

irregularity of the amorphous structure may contribute to inconsistent film formation, facilitating 

localized corrosion in chloride environments345,346. 

XPS analysis of the MgLiAlTiZnNbSn alloy surface provided detailed information on the 

oxide species present in both airborne and immersed states. The results indicated that the alloy’s 

corrosion protection mechanisms and surface composition vary significantly between these two 

conditions. The spectra for both conditions are shown in Figure 7.4. 
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Figure 7.4. XPS spectra of MgLiAlTiZnNbSn-CC airborne surface (top row) and after 5 min 

immersion in 0.1 M NaCl (bottom row).  

 

7.5 Airborne Film Surface 

The XPS of the airborne film showed the presence of Nb, Zn, and Sn- oxides, whose 

binding energies where matched and within the standard deviations of those reported in 

literature337,338,347–351. The presence of Nb-oxides suggested that Nb initially contributed to passive 

layer formation when exposed to ambient conditions. Nb oxides are known for their stability and 

corrosion-resistant properties, especially in reduction to pitting corrosion352–354. Notably, no Al 

oxides were detected, which was unexpected given Al’s known reactivity and tendency to form 

protective Al2O3 layers in other alloy systems355,356. This absence of Al oxide may have indicated 

that Al was either bound within the alloy matrix in a form that did not readily oxidize or was 

present at concentrations too low to be detected by XPS357,358. Additionally, the initial presence of 

ZnO and Sn-oxides on the surface likely provided some level of protection, though the XPS data 

indicated that Zn and Sn oxides were less dominant than Nb oxides in the airborne condition. 
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7.6 Immersion Film Surface 

After immersion in 0.1 M NaCl, the XPS spectra revealed a significant increase in Sn-

oxides with a concurrent disappearance of detectable Nb-oxides. The growth of Sn-oxides in 

immersion conditions suggested that Sn became the primary contributor to surface film formation 

in a chloride environment. Tin oxide is known to form in mildly corrosive environments and may 

have offered localized passivation359,360. However, the lack of Nb-oxides in the immersed film was 

surprising, as Nb is generally regarded as stable in chloride environments as well361. This absence 

could have implied that Nb-oxides were either soluble or destabilized under immersion in NaCl, 

leading to their dissolution or transformation. The persistence of ZnO, along with new Zn(OH)2 

detected, indicated that Zn also played a role in surface film stability, potentially enhancing the 

stability, but on the other hand Zn, its oxides, and hydroxides have been demonstrated to accelerate 

corrosion in Sn-alloys360. The formation of Zn(OH)2 on top of ZnO, especially under alkaline 

conditions at active sites, reflected a dynamic surface response to immersion, where the local pH 

at cathodic sites promoted hydroxide formation342. Similar to the airborne film, Al oxides remained 

undetected in the immersed state, suggesting that Al’s role in corrosion protection within this alloy 

system was minimal. 

7.7 Summary 

In this chapter, seven multi-principal element alloys (MPEAs) containing magnesium, with 

varying compositions of Li, Al, Ti, Zn, Nb, In, and Sn, were synthesized and evaluated for 

corrosion resistance in 0.1 M NaCl solution. Potentiodynamic polarization PDP, XRD, SEM, and 

XPS were employed to study the corrosion behavior, phase structure, microstructural features, and 

surface composition of selected alloys, with a focus on Mg4(TiZnSn)3 and MgLiAlTiZnNbSn. 
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The PDP analysis revealed that while Mg4(TiZnSn)3 demonstrated a noble corrosion 

potential and some degree of passive film formation, it exhibited signs of surface film breakdown 

under anodic polarization. In contrast, MgLiAlTiZnNbSn showed a limiting current behavior, 

suggesting the potential formation of a dynamic, multi-layered surface film that restricted anodic 

dissolution but may not have been entirely stable under prolonged polarization. Visual inspection 

post-testing indicated significant surface corrosion on this alloy, implying that the film’s protective 

capability was limited. 

XRD analysis indicated that Mg4(TiZnSn)3 was multi-phase with numerous intermetallic 

phases resulting from incomplete solutioning during milling, while MgLiAlTiZnNbSn was likely 

amorphous. The multi-phase and amorphous structures, along with retained porosity observed in 

SEM, hindered effective consolidation, even after spark plasma sintering (SPS). The porosity 

likely served as pathways for electrolyte ingress, exacerbating localized corrosion. 

XPS analysis provided insight into the surface composition, revealing that the airborne 

films of MgLiAlTiZnNbSn primarily contained Nb, Zn, and Sn oxides, with Nb oxides 

contributing to initial passivation. However, immersion in NaCl led to an increase in Sn oxides 

and Zn hydroxides, with Nb oxides diminishing, suggesting that Sn played a more dominant role 

in surface stability in chloride environments. Notably, Al oxides were not detected in either 

condition, suggesting minimal contribution of Al to corrosion protection in this alloy system. 

Analysis of Mg4(TiZnSn)3-CC after immersion in 0.1 M NaCl revealed a mixed oxide/hydroxide 

surface film dominated by ZnO and Mg(OH)2, with ZnO as the primary oxide. The film provided 

some passivation but was vulnerable to breakdown during polarization, likely due to chloride ion 

penetration and partial dissolution of oxides and hydroxides. While ZnO, Ti-oxides, and Sn-oxides 



   

148 

 

contributed to the film's protective effect, the porous and dynamic nature of Mg(OH)2 and Zn(OH)2 

limited anodic stability leading to localized degradation. 

In conclusion, while this study did not achieve the desired high-corrosion-resistance alloys, 

it highlighted critical factors influencing the corrosion behavior of Mg-based MPEAs. Future work 

should focus on adjusting milling parameters to improve phase homogeneity, optimizing SPS 

parameters to achieve better densification, and conducting reverse scans in cyclic potentiodynamic 

polarization (CPP) tests to further explore the passivation behavior of alloys like 

MgLiAlTiZnNbSn. Such refinements may help in developing MPEAs with enhanced corrosion 

resistance suitable for broader applications. 

7.8 Supplementary Data 

 

Figures 7.5 and 7.6 present backscattered electron images of cold-compacted 

Mg4(TiSn)3In2  and Mg4(TiZnInSn)3 alloys, respectively. The Mg4(TiSn)3In2  alloy demonstrated 

good mixing of Ti and Sn with Mg; however, the bright particles of indium were not well 

  

Figure 7.5. A backscattered electron image with EDS of 

cold compacted Mg4(TiSn)3In2. The In showed some 

solutioning, but not as good as the other elements. The cold 

compacted structure is porous. 

Figure 7.6. A backscattered electron image with EDS of  cold 

compacted Mg4(TiZnInSn)3. The In did not mix well with the 

matrix. 
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incorporated into the matrix. The images also reveal the porous nature of the cold-compacted 

samples beneath the surface. Similarly, the Mg4(TiZnInSn)3 alloy shows poor incorporation of In, 

with even less mixing compared to the previous alloy, although Ti, Zn, and Sn appear well mixed. 

Indium posed a notable challenge to improved solutioning via ball milling.  

The Mg₄(TiZnInSn)₃ alloy showed slightly enhanced cathodic kinetics and reduced 

passivation behavior. This enhancement in cathodic kinetics was attributed to the poor mixing of 

In within the matrix. When added below its solubility limit, indium reduces anodic kinetics; 

however, above the solubility limit, it enhances cathodic kinetics. The presence of unincorporated 

indium phases was evident in the XRD spectra, SEM images, and EDS analysis, particularly in 

higher indium content alloys. These poorly mixed indium particles acted as cathodic sites for 

galvanic corrosion, accelerating the dissolution process, enhancing anodic kinetics, increasing 

hydrogen evolution, and compromising the system’s corrosion behavior. In subsequent alloys, In 

was incorporated at reduced weight percentages to leverage its beneficial effects on anodic 

behavior. Nevertheless, these findings suggest that indium may not be an ideal candidate for Mg-

based multi-principal element alloys (MPEAs). 

Figure 7.7. The XRD spectra of the alloys in this study.  
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CHAPTER 8: LIGHTWEIGHT MAGNESIUM BASED ALLOYS 

8.1 Introduction 

This chapter presents the development of three lightweight magnesium-based alloys, 

tailored with alloying elements such as calcium, aluminum, titanium, zinc, and indium, based on 

findings detailed in previous chapters. These alloys were designed to balance magnesium's 

inherent lightweight characteristics with enhanced corrosion resistance and mechanical properties, 

aiming to position them as candidates for applications requiring both strength and 

biocompatibility, such as biomedical implants362–366. The alloy compositions and processing 

methods were selected to leverage the specific benefits of each element, focusing on improved 

corrosion resistance, refined microstructure, and stabilized protective surface films. This chapter 

discusses the design rationale, alloy synthesis, and preliminary performance evaluations of these 

new lightweight Mg-based alloys. Table 8.1 details each alloy name, composition, theoretical 

density, consolidation methods, and fluids tested.  

A calcium-rich magnesium-based alloy, designated as CaTZI, was designed to enhance 

corrosion resistance based on insights from Chapter 3 and prior studies demonstrating calcium's 

beneficial effects on the corrosion performance of Mg-based alloys365,367. Calcium was 

incorporated in quantities exceeding its solubility limit in magnesium to exploit its anodic behavior 

and that of the Mg-Ca β-phase368,369. This approach aimed to create sacrificial anodes capable of 

promoting the formation of more stable and protective hydroxide layers. 

An alloy incorporating Li and Al was proposed for their low density and due to recent 

studies showing that both of these elements can have a positive effect on the corrosion behavior 

of Mg alloys370,371. This alloy was designated as ATZ, the exact composition is shown in Table 

8.1. Lithium enhances the corrosion resistance of magnesium-based alloys by forming a dense and 



   

151 

 

stable Li2CO3 layer on the surface. This protective layer, which results from the high chemical 

stability and low standard enthalpy of formation of Li2CO3, effectively slows down corrosion by 

preventing further exposure of the alloy to corrosive environments370. Aluminum enhances the 

corrosion performance of magnesium-based alloys by contributing to the formation of an 

aluminum-rich, protective surface layer. This layer, often consisting of Al2O3 or Al(OH)3, provides 

a stable barrier that reduces localized corrosion and improves electrochemical durability, 

particularly when combined with grain refinement and dense nanoprecipitates. Ti and Zn and their 

beneficial effects have been discussed in previous chapters of this thesis.  

The alloys were synthesized with a shorter milling duration of 24 hours compared to the 

typical 100 hours employed in previous chapters. This adjustment was necessitated by time 

limitations but was intended to explore the potential of shorter milling times in achieving desirable 

alloy characteristics. All other milling parameters were maintained without alteration.  Post-

milling, the powders underwent cold compaction (CC) and spark plasma sintering (SPS) to 

consolidate the alloyed powders into bulk forms, with each step carefully tailored to retain the 

properties imparted by ball milling. 

To evaluate the properties and corrosion resistance of these alloys, potentiodynamic 

polarization (PDP) tests were conducted in both 0.1 M NaCl and Hank’s Balanced Salt Solution 

(HBSS), providing insights into their behavior in simulated physiological and chloride-rich 

environments.  

Additionally, X-ray diffraction (XRD) was performed on the milled powders and SPS 

samples to characterize phase composition and crystallite size. Scanning electron microscopy 

(SEM) was employed to investigate the microstructural evolution post-sintering, and 

nanoindentation tests were conducted to assess mechanical properties.  
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Table 8.1. A table of the alloy names, compositions, theoretical densities, consolidation 

methods, and solutions tested in this chapter.  

Alloy Name Element At. % Wt. % 

Theoretical Density 

(g/cm³) Consolidation Solution 

CaTZI 

Mg 90.08 81.13 

1.85 CC & SPS 

0.1 M 

NaCl & 

HBSS 

Ca 5.76 8.56 

Ti 1.72 3.04 

Zn 1.71 4.14 

In 0.73 3.12 

ATZ 

Mg 87.72 85.99 

1.82 CC & SPS 
0.1 M 

NaCl 

Li 4.39 1.23 

Al 4.39 4.77 

Ti 1.75 3.39 

Zn 1.75 4.63 

AlCrCuNb 

Mg 87.07 84.13 

1.86 CC  
0.1 M 

NaCl 

Li 4.35 1.2 

Al 4.35 4.67 

V 0.87 1.76 

Cr 1.92 3.98 

Cu 0.88 2.23 

Nb 0.55 2.03 

 

Figure 8.1. (a) the PDP curves of CaTZI-CC, CaTZI-SPS, ATZ-CC, ATZ-SPS, AlCrCuNb-CC, 

and MgControl in 0.1 M NaCl, (b) the XRD spectra of CaTZI powder, CaTZI-SPS, ATZ powder, 

and ATZ-SPS. 
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Figure 7.1a presents the PDP curves for CaTZI-CC, CaTZI-SPS, ATZ-CC, ATZ-SPS, 

AlCrCuNb-CC, and the Mg Control. Among these, the AlCrCuNb alloy exhibited high corrosion 

rates despite its relatively noble potential. The presence of Cu and Cr, though minimal, likely 

intensified galvanic corrosion due to insufficient milling and mixing. This alloy was not studied 

further; while its low density was favorable, extended milling time was likely required to achieve 

a homogeneous microstructure capable of supporting a protective film. 

 

8.2 Discussion of ATZ 

The ATZ-CC alloy demonstrated enhanced corrosion resistance compared to the Mg 

control sample; however, this resistance decreased following SPS, with notable changes in anodic 

behavior. ATZ-CC exhibited a favorable OCP, and its anodic branch suggested potential surface 

film breakdown, possibly indicating that a film of an oxide or corrosion product had formed prior, 

though the exact nature is unclear. After SPS, this anodic behavior diminished significantly, and 

the corrosion current density more than doubled.  

The XRD spectra of the ATZ powder after milling and of the SPS sample are shown in 

Figure 8.1b, third and fourth spectra respectively. The α-Mg peaks remained prominent in both 

conditions, with shifts to slightly higher 2θ values. This indicated that the lattice contracted 

slightly, Al, Li, Ti, and Zn appeared to be well mixed into the matrix after only 24 hours of milling. 

However, peak broadening may have masked the presence of minor secondary phases. 

Observations from the SEM imaging of ATZ-SPS helped to elucidate the reduction in 

corrosion resistance after sintering. The milled alloy powder is shown in Figure 8.2a, the particle 

sizes were from 35 µm in diameter and below, with most ranging in the 1-5 µm range. After 

sintering, BSE imaging (Figure 8.2b-c) revealed Mg-rich regions at the interparticle boundaries, 
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likely a result of localized joule heating during SPS which is discussed in literature and in a 

previous chapter372. 

The corrosion behavior of ATZ-SPS, compared to ATZ-CC, was strongly influenced by 

these Mg-rich regions. The CC sample exhibited a more linear cathodic branch, indicative of 

charge-transfer-limited behavior, which corresponded to a homogeneous microstructure and 

relatively stable reactant availability. In contrast, the SPS sample displayed a cathodic branch 

shifted to higher current densities and a more pronounced curvature, characteristic of diffusion-

limited behavior. The rapid dissolution of these Mg-rich regions driven by galvanic coupling with 

the matrix likely depleted local reactants and contributed to the diffusion-limited response 

observed. This localized corrosion mechanism aligned with the increased corrosion current density 

of the SPS sample and emphasized the detrimental effect of microstructural heterogeneity on the 

corrosion behavior of sintered ATZ. 

 

8.3 Discussion of CaTZI 

The corrosion behavior of the CaTZI alloy, as illustrated in Figure 8.1a, highlights the 

impact of CC and SPS on the alloy’s performance compared to the Mg control. The CaTZI-CC 

alloy, represented by squares, showed an improved corrosion resistance over the Mg control 

(purple diamonds), demonstrated by shift in potential and change in cathodic behavior resulting in 

a decrease in corrosion current density. This shift suggests that CaTZI-CC alloy achieved some 

initial stabilization, potentially due to the homogeneous distribution of alloying elements Ti, Zn, 

and In within the Mg matrix, as evidenced by the XRD spectrum of the CaTZI powder, Figure 

8.1b. However, calcium was not fully incorporated into the Mg matrix and instead formed a 
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tetragonal phase with zinc. The addition of Ca above the solubility limit enhanced the anodic 

behavior of CaTZI-CC, as predicted373. 

Figure 8.2. (a) shows a back scattered electron micrograph and EDXS of the milled powder for 

ATZ, (b) shows a BSE micrograph of the microstructure of ATZ-SPS, and (c) is a magnified region 

of (b) with EDXS. 

 

Indium was strategically added to mitigate the anodic kinetics enhancement induced by 

Ca, as In, when present below its solubility limit, has been shown to reduce anodic activity374–376. 

Nevertheless, In did not exhibit a noticeable effect on the anodic kinetics of CaTZI-CC. Despite 

this, the overall corrosion rate was primarily reduced by a change in cathodic behavior compared 

to the Mg control. Although CaTZI-CC exhibited a similar initial current density, its cathodic 

branch remained more linear as the potential became more positive, unlike the Mg control. This 

linearity suggested greater charge-transfer limitation at the electrode surface, indicating reduced 

cathodic kinetics. The build-up of Ca-rich corrosion products likely contributed to this charge-

transfer limitation, thereby lowering the overall corrosion rate. 

Electron microscopy of CaTZI-SPS, shown in Figure 8.3a-c, revealed Mg-rich regions 

situated between sintered powder particles, while Ca, Ti, Zn, and In appeared well-mixed within 

the matrix. Similarly to the previous alloy, these regions arose due to localized joule heating 

between particles. However, these microstructural features likely had a different effect in this 

alloy, these Mg-rich regions were hypothesized to be more cathodic than the surrounding Ca-rich 
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bulk. The well-dispersed alloying elements likely also contributed to the formation of a more stable 

corrosion film.   

Figure 8.3. (a) shows a back scattered electron micrograph and EDXS of the milled powder for 

CaTZI, (b) shows a BSE micrograph of the microstructure of CaTZI-SPS, and (c) is a magnified 

region of (b) with EDXS. 

 

The SPS process facilitated the formation of distinct Ca-rich phases, including Ca (BCC), 

Ca3In (FCC), and Ca5Zn3 (tetragonal), as shown in the XRD spectrum (Figure 8.1b). Though, these 

phases were not distinctly visible from SEM. These “new” phases likely only became detectable 

after SPS, where the applied heat and pressure facilitated the growth of pre-existing intermetallic 

structures, rather than extensive atomic movement, given the alloy’s high Mg content and 

relatively low sintering temperature377.  

The presence of these Ca-based intermetallic phases was hypothesized to enhance 

corrosion resistance by acting as sacrificial anodes, which contributed to forming a more stable 

and protective corrosion product layer. Post sintering this alloy displayed reduced anodic kinetics, 

perhaps the effect of the Ca3In phase.  

After the reduction in anodic kinetics a film breakdown potential was observed, at around 

-1125 mV. The surface film likely broke down under polarization, suggesting the that formation 

of a denser corrosion product layer comprising Ca- and Mg-based oxides or hydroxides had taken 

place prior. This protective layer initially resisted anodic dissolution but began to destabilize, likely 

due to localized corrosion as the layer failed under applied potential. The rapid corrosion of Ca, 
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upon solution contact, may have formed a dense corrosion product layer, particularly near the more 

corrosion-resistant Zn, In, and Ti phases, which together shielded the surrounding Mg matrix from 

direct exposure to the NaCl solution. This effect likely reduced the overall dissolution rate and 

allowed for a more controlled corrosion process, though it may not fully prevent breakdown in the 

protective layer, as suggested by the slight instability observed in the anodic region of the PDP 

curve. 

In-situ corrosion imaging of CaTZI-SPS in 0.1 M NaCl, shown in Figure 8.4a-f, provided 

insights into the alloy's behavior during polarization. The PDP curve is displayed alongside images 

capturing the surface evolution at each polarization stage. Upon contact with the NaCl solution, 

the sample surface corroded vigorously, evolving significant hydrogen from the surface (Figure 

8.4a). By 20 minutes, prior to the start of polarization, the surface exhibited heavy corrosion, with 

evidence of micro-galvanic corrosion occurring along particle boundaries (Figure 8.4b). These 

observations suggest that Mg-rich regions were anodic relative to the surrounding Ca-, Ti-, Zn-, 

and In-rich regions, indicating that the addition of Ti, Zn, and In effectively offset the anodic nature 

of the calcium. 

Corrosion proceeded locally, and hydrogen evolution slowed at the onset of cathodic 

polarization (Figure 8.4c), ceasing entirely by the midpoint of cathodic polarization. This cessation 

was likely due to the progressive formation of a corrosion product layer, which restricted the 

electrolyte’s access to active sites on the surface. The corrosion product, primarily composed of 

Mg(OH)2 and Ca(OH)2, increased the local pH, stabilizing the layer further.  
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Figure 8.4. In-situ imaging (left) of PDP of CaTZI in 0.1 M NaCl along with the curve (right) , 

(a) 3 minutes of immersion during free corrosion, (b) the sample just before cathodic polarization, 

(c) the sample in the beginning of cathodic polarization corresponds to CP 1 on PDP curve, (d) 

near the end of cathodic polarization corresponds to CP 2, (e) beginning of anodic polarization 

corresponds to AP 1, and (f) after breakdown corresponds to AP 2.  

 

The elevated alkalinity near the surface likely facilitated the precipitation of additional 

hydroxides, forming a denser, more protective film that passivated the underlying metal. This 

passivation reduced the anodic dissolution of Mg and limited cathodic reaction kinetics, effectively 

halting hydrogen evolution during this stage. 

During anodic polarization, no hydrogen evolution was observed initially, as the corrosion 

product layer shielded the reactive species from the electrolyte. However, as the applied potential 

increased, localized breakdown of the corrosion product occurred, exposing regions that had 

already undergone corrosion (Figure 8.4f). Hydrogen evolution resumed at these sites, highlighting 

the instability of the corrosion product layer under higher anodic potentials and the localized nature 

of corrosion processes in this alloy. 

CaTZI-SPS was tested in HBSS to test the corrosion behavior in a physiological 

environment, the overall corrosion rate was lowered slightly due to the higher aggressiveness of 

that solution versus NaCl, overall, the corrosion trends were the same. Figure 8.5a shows the PDP 



   

159 

 

curve of CaTZI-SPS in 0.1 M NaCl compared with it in HBSS. There was only a slight change to 

the anodic kinetics, the breakdown behavior remained the same. It has been hypothesized that 

hydroxyapatite (HA) could form on the surface of Mg-based alloys and help form a more 

protective film, however, if HA did form on CaTZI-SPS it offered no more protection to the alloy 

overall377.  

 

8.5 Mechanical properties  

The mechanical properties of the control, CaTZI-SPS, and ATZ-SPS alloys were assessed 

using nanoindentation. The elastic modulus and hardness of each alloy are shown in Figure 8.5b.  

Figure 8.5. (a) shows the PDP curves of CaTZI-SPS in 0.1 M NaCl and Hanks’ Balanced Salt 

Solution, (b) shows the mechanical properties of the control, CaTZI-SPS, and ATZ-SPS. 

 

As expected, both hardness and elastic modulus were higher in CaTZI and ATZ compared 

to the control. This enhancement in mechanical properties is attributed to solid solution 

strengthening, as well as strain introduced during milling, which contributed to increased 

resistance to deformation. 

Biocompatible magnesium alloys are valued for their mechanical properties, particularly 

for bone implants due to their elastic modulus and strength that closely mimic natural bone, thus 
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reducing issues like stress shielding. Ideal alloys should balance mechanical strength and 

degradation rate to support the body while gradually resorbing378. The alloys in this study, with a 

modulus of approximately 55 GPa and a hardness of 2.5 GPa, align well with these needs, 

providing sufficient mechanical support while potentially avoiding the high stiffness of other 

implant materials like titanium, which can lead to stress shielding379,380. These properties suggest 

that the studied alloys are promising for biomedical applications where mechanical integrity and 

gradual degradation are crucial. 

 

8.6 Summary 

This chapter explored the development, microstructural characteristics, and corrosion 

behavior of three magnesium-based alloys, incorporating alloying elements such as calcium, 

aluminum, titanium, zinc, and indium to enhance corrosion resistance and mechanical properties. 

Each alloy was tailored for specific properties, with CaTZI designed to leverage the anodic 

behavior of calcium and promote stable protective films, and ATZ incorporating lithium and 

aluminum for improved corrosion resistance through dense surface film formation. Shorter milling 

times and subsequent CC and SPS were utilized to achieve desired microstructural features. 

The findings demonstrate that each alloy exhibited distinct corrosion characteristics in 0.1 

M NaCl. The CaTZI alloy, especially after SPS, showed promising improvements in corrosion 

resistance attributed to the formation of Ca-rich intermetallic phases and the presence of corrosion-

resistant elements such as Zn, Ti, and In. The in-situ corrosion imaging and potentiodynamic 

polarization tests revealed that the SPS process led to the formation of a protective but partially 

unstable corrosion product layer, which provided initial resistance against anodic dissolution but 

eventually failed under higher potentials. Additionally, the formation of a dense corrosion product 
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layer during cathodic polarization significantly slowed hydrogen evolution, indicating the 

effective passivation of the alloy surface. 

The results contribute to the understanding of corrosion mechanisms in magnesium-based 

alloys by demonstrating how specific alloying strategies and processing conditions can influence 

surface film stability and corrosion resistance. This research underscores the importance of alloy 

composition and consolidation methods in controlling corrosion behavior, suggesting that 

optimized distributions of alloying elements can effectively stabilize protective films and minimize 

localized corrosion. 

Future research should investigate the long-term stability of these corrosion product layers 

under varied environmental conditions and explore the impact of extended milling times and other 

consolidation methods on phase formation and corrosion behavior. Additionally, further work on 

refining the balance between anodic and cathodic reaction rates could provide insights into 

achieving even greater corrosion resistance in magnesium-based alloys for biomedical and other 

applications. 
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CHAPTER 9: CONCLUSIONS AND OUTLOOK 

 

Magnesium-based alloys with titanium and zinc lead to improved corrosion rates, lower 

than the control. MgTiZn had a corrosion current density of 3.65 ± 0.65 µA/cm² and Mg4TiZn had 

a corrosion rate of 4.58 ± 1.64 µA/cm², this was two orders of magnitude lower than the Mg control 

sample at 356.39 ± 32.24 µA/cm² and lower than pure cast Mg at 34.16 ± 7.35 µA/cm².  

A lightweight magnesium-based alloy of Ca, Ti, Zn, and In successfully obtained a low 

corrosion rate (9.64 ± 2.08 µA/cm²), through ball milling these elements were incorporated into 

the matrix and selective dissolution took place leaving behind a more protective surface film. 

Milling was employed to investigate the claims of literature regarding the size effects of secondary 

phases in commercial Mg-based alloys WE43C and AZ91E, finding that reduction in size of 

secondary phases leads to increased galvanic corrosion of Mg materials.  

Additionally, the hardness and elastic modulus of the MgTiZn alloy are much higher than 

any commercial light metals (Mg, Ti or Al based alloys). These results show the possibility of 

developing alloys with ultra-high strength and high corrosion resistance.  

These findings contribute to advancing the field Mg-based alloys, particularly in 

applications where corrosion resistance and low density are critical, such as biomedical implants 

and lightweight structural components. 

Contributions to the Field 

¶ Corrosion Performance: Ti and Zn additions in Mg alloys, processed via high-energy ball 

milling, promote a fine and homogeneous distribution of these elements within the Mg 

matrix. This uniform distribution contributes to the formation of protective networks as a 

result of Mg dissolution, thereby enhancing corrosion resistance. 



   

163 

 

¶ Secondary Phase: Clarity on the secondary phase size effects and electrode potentials of 

AZ91E and WE43C. Smaller secondary phases accelerate micro-galvanic corrosion in 

AZ91E and the secondary phases of WE43C appeared to be anodic.  

¶ Literature gaps on Mg-MPEA: The corrosion behavior of several Mg-based MPEAs 

were studied, with two showing promising behavior after ball milling. There is promise for 

lightweight Mg containing MPEAs with improved corrosion resistance.  

¶ Promising biocompatible alloy composition: The inclusion of Ca in Mg alloys resulted 

in alloys like CaTZI, which combine lightweight properties with enhanced corrosion 

resistance and biocompatible mechanical properties.  

Future Outlook 

Several areas merit further investigation to address current gaps in the literature and 

improve the understanding and performance of Mg-containing alloys: 

1. Defining Alloying Metrics: The challenge of determining when an alloy is fully 

solutionized in the hexagonal close-packed lattice necessitates improved metrics beyond 

XRD spectra alone. Advanced techniques like transmission electron microscopy or atom 

probe tomography may offer clearer insights into phase distribution and solubility limits, 

but at the cost of time and extensive sample preparation. Ideally empirical determinations 

could be made for complex low symmetry crystals allowing for simpler assessment of 

alloying quality from x-ray data.  

2. Ball Milling Optimization: The exact ball milling parameters required for specific alloys 

and their subsequent consolidation methods need to be systematically studied, potentially 

through a design of experiments approach. This would help refine microstructures and 

maximize corrosion resistance. 
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3. Sintering Techniques: SPS parameters should be optimized for each alloy composition, 

with investigations into advanced methods like resistive sintering. Ultra-fast heating may 

allow for improved densification without the risk of deleterious phase formation. 

4. Long-Term Immersion and hydrogen evolution: The most promising alloys, such as 

CaTZI and the TZ alloys, require extended immersion testing to understand their long-term 

corrosion behavior. Hydrogen evolution studies also need to be conducted to characterize 

how the corrosion mechanism and the negative difference effect of magnesium are 

influenced. 

5. Filling Literature Gaps: The integration of ball milling into corrosion studies offers a 

novel pathway to tailor dissolution mechanics and microstructural features, addressing 

gaps in understanding the interplay between alloying elements and protective film 

behavior. 

By addressing these areas, future research can build upon this work to develop more robust 

and application-ready magnesium-based alloys, paving the way for breakthroughs in corrosion 

resistance, mechanical performance, and material sustainability. 
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CHAPTER 10: SUPPLEMENTARY DATA 

 

Table 10.1a. Table of alloy compositions and corrosion potential and corrosion current densities 

of the alloys synthesized in this work.  

 

 

Alloy Elements At. % Wt. % Bulk 
0.1 M NaCl 

Ecorr (mV) icorr (µA/cm2) 

MgPure Mg 100.00 100.00 Cast -1443.88 ± 13.21 34.16 ± 7.35  

MgControl Mg 100.00 100.00 CC -1522.46 ± 16.53 359.39 ± 32.24 

Mg9Ta Ta 10.00 45.27 CC -1355.413 ± 16.292 386.065 ± 72.098 

Mg9V V 10.00 18.89 CC -1353.322 ± 29.521 138.992 ± 77.053 

Mg3V V 25.00 41.12 CC -1253.565 ± 37.188 268.307 ± 158.779 

Mg19Ti Ti 5.00 9.39 CC -1459.966 344.267  

Mg4Ti Ti 20.00 32.99 CC -1304.785 ± 73.822 33.188 ± 5.153 

Mg3Ti Ti 25.00 39.63 CC -1240.076 ± 10.128 66.694 ± 24.239 

Mg3Ti2 Ti 40.00 56.76 CC -1213.380 ± 2.963 10.749 ± 1.359 

Mg3Zn2 Zn 40.00 64.20 CC -1300.243 ± 1.452 9.209 ± 3.146 

MgTiZn 

Mg 33.33 17.67 

CC -952.388 ± 50.068 6.483 ± 2.525 Ti 33.33 34.80 

Zn 33.33 47.53 

MgTiZn' - - - CC -832.180 ± 16.512 44.053 ± 9.086 

MgTiZn'' - - - 
CC -1213.756 19.136 

SPS -923.290 ± 61.141 6.884 ± 4.653 

Mg4TiZn' 

Mg 66.67 46.2 

CC -1454.467 ± 11.224 297.541 ± 128.645 Ti 16.67 22.74 

Zn 16.67 31.06 

Mg4TiZn'' - - - 
CC -1059.550 27.330 

SPS -1111.021 ± 32.764 8.562 ± 2.901 

Mg16TiZn' 

Mg 88.88 77.45 

CC -1478.417 ± 0.034 537.219 ± 22.342 Ti 5.56 9.53 

Zn 5.56 13.02 

Mg16TiZn'' - - - CC -1254.576 94.703 

Mg16TiZnGe 

Mg 84.21 67.66 

CC -1469.941 ± 1.435 514.077 ± 135.784 
Ti 5.26 12.63 

Zn 5.26 8.33 

Ge 5.26 11.38 
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Table 10.1b. Compositions and electrochemical properties continued.  

 

 

Alloy Elements At. % 
Wt. 

% 
Bulk 

0.1 M NaCl 

Ecorr (mV) icorr (µA/cm2) 

Mg16TiZnCaO 

Mg 84.21 71.73 

CC -1173.753 105.701 
Ti 5.26 8.83 

Zn 5.26 12.06 

CaO 5.26 7.38 

MgAlTi 

Mg 33.33 24.52 

CC -1223.423 ± 3.722 9.986 ± 7.289 Al 33.33 27.21 

Ti 33.33 48.27 

Mg4(TiZnSn)3 

Mg 30.77 12.26 

CC -1058.352 ± 15.907 8.958 ± 0.829 
Ti 23.08 18.11 

Zn 23.08 24.73 

Sn 23.08 44.90 

- - - - SPS -1173.132 ± 7.571 25.843 ± 4.250 

Mg4(TiZnInSn)3 

Mg 25.00 8.55 

CC -1321.890 ± 1.615 40.677 ± 9.837 

Ti 18.75 12.62 

Zn 18.75 17.24 

In 18.75 30.28 

Sn 18.75 31.31 

Mg4TiInSn 

Mg 81.23 25.68 

CC -1212.766 ± 2.264 260.361 ± 102.047 
Ti 10.31 12.64 

In 4.30 30.32 

Sn 4.16 31.36 

Mg4(TiSn)3In2 

Mg 33.33 11.76 

CC -1229.512 ± 16.191 324.847 ± 123.719 
Ti 25.00 17.37 

In 16.67 27.78 

Sn 25.00 43.09 

Mg10Sn2TiIn 

Mg 71.43 37.79 

CC -1218.117 ± 8.446 98.146 ± 21.240 
Ti 7.14 7.44 

In 7.14 17.85 

Sn 14.29 36.92 

Mg2LiAlTiSn 

Mg 33.33 19.52 

CC -1346.124 ± 4.935 464.042 ± 74.457 

Li 16.67 2.79 

Al 16.67 10.83 

Ti 16.67 19.22 

Sn 16.67 47.64 
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Table 10.1c. Compositions and electrochemical properties continued.  

Alloy Elements At. % 
Wt. 

% 
Bulk 

0.1 M NaCl 

Ecorr (mV) icorr (µA/cm2) 

MgLiAlTiZnNbSn 

Mg 14.29 6.35 

CC -1303.278 ± 19.667 118.202 ± 16.526 

Li 14.29 1.81 

Al 14.29 7.04 

Ti 14.29 12.5 

Zn 14.28 17.07 

Nb 14.28 24.25 

Sn 14.28 30.98 

- - - - SPS -1296.531 ± 26.394 149.550 ± 19.033 

MgLiAlSiTiVCr 

Mg 14.29 10.25 

CC -1350.426 776.127 

Li 14.29 2.93 

Al 14.29 11.38 

Si 14.29 11.85 

Ti 14.28 20.19 

V 14.28 21.48 

Cr 14.28 21.92 

CaTZI 

Mg 90.08 81.13 

CC -1256.090 ± 15.560 32.871 ± 3.014 

Ca 5.76 8.56 

Ti 1.72 3.04 

Zn 1.71 4.14 

In 0.73 3.13 

- - - - SPS -1197.696 ± 4.500 9.636 ± 2.078 

ATZ 

Mg 87.72 85.99 

CC -1280.221 ± 11.330 37.469 ± 2.961 

Li 4.39 1.23 

Al 4.39 4.77 

Ti 1.75 3.39 

Zn 1.75 4.62 

- - - - SPS -1311.734 ± 12.504 228.386 ± 19.733 

AlCrCuNb 

Mg 87.07 84.13 

CC -1233.123 ± 4.397 620.546 ± 36.976 

Li 4.35 1.2 

Al 4.35 4.67 

V 0.87 1.76 

Cr 1.92 3.98 

Cu 0.88 2.23 

Nb 0.55 2.03 
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Table 10.1d. Compositions and electrochemical properties continued.  

Alloy Elements Wt. % Bulk 
0.6 M NaCl 

Ecorr (mV) icorr (µA/cm2) 

AR-Mg-5Ca Ca 5.00 CC -1557.563 ± 6.815 1018.899 ± 38.893 

- - - SPS1 -1562.033 ± 2.146 488.404 ± 72.787 

- - - SPS2* -1578.543 749.988 

AR-Mg-10Ca Ca 10.00 CC -1570.131 ± 9.194 1654.590 ± 183.968 

- - - SPS1 -1550.691 ± 19.085 283.049 ± 93.907 

- - - SPS2 -1566.018 277.303 

AM-Mg-5Ca Ca 5.00 CC -1574.371 ± 12.219 607.957 ± 142.882 

- - - SPS1 -1568.206 ± 4.448 878.118 ± 62.663 

- - - SPS2 -1591.392 856.230 

AM-Mg-10Ca Ca 10.00 CC -1486.078 ± 58.865 229.802 ± 116.970 

- - - SPS1 -1425.103 ± 9.917 195.243 ± 21.256 

- - - SPS2 -1508.575 213.871 

AR-WE43C 

Mg 92.50 

CC -1710.291 ± 46.123 87.963 ± 45.648 
Y 4.00 

Nd 3.00 

Zr <0.50 

- - - SPS -1685.830 ± 9.297 26.004 ± 3.017 

AM-WE43C - - CC -1609.484 ± 5.430 524.181 ± 113.319 

- - - SPS -1574.682 ± 5.609  287.803 ± 42.717 

AR-AZ91E 

Mg ~89.00 

CC -1549.126 ± 10.929 61.017 ± 22.525 
Al 9.00 

Zn 1.00 

Si, Mn, 

Cu, Fe <1.00 

- - - SPS -1521.091 ± 2.244 45.625 ± 13.061 

AM-AZ91E - - CC -1553.339 ± 10.566  353.133 ± 75.564 

- - - SPS -1521.091 ± 2.244 45.625 ± 13.061 

* - Sample had contamination with AR-WE43C powder. 
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Table 10.2a Results from x-ray diffraction and mechanical testing. 

Alloy Bulk 

Avg. 

Crystallite 

Size (nm) 

c/a Vickers' 

Hardness (HV) 

Hardness 

(GPa) 

Elastic 

Modulus (GPa)  

MgPure Cast 184.95 1.6234  0.91 ± 0.12 35.26 ± 3.48 
 

MgControl CC 55.63 1.6184 86.9 ± 2.0 1.20 ± 0.10 50.88 ± 2.30 
 

Mg9Ta CC 62.13 1.6233 103.7 ± 2.4   
 

Mg9V CC 53.45 1.6224 115.2 ± 7.8   
 

Mg3V CC 21.76 1.6232 174.1  ± 3.6   
 

Mg19Ti CC   55.9 ± 2.1   
 

Mg4Ti CC   115.8 ± 4.3   
 

Mg3Ti CC   133.3 ± 4.5   
 

Mg3Ti2 CC   148.3 ± 5.4   
 

Mg3Zn2 CC 7.57 1.6094 203.5 ± 8.7   
 

AR-Mg-5Ca CC 82.38 1.62349 88.9 ± 4.1    

- SPS1 287.28 1.62352 65.6 ± 0.9    

- SPS2*     71.8 ± 1.0    

AR-Mg-10Ca CC 65.90 1.61934 119.1 ± 3.4    

- SPS1 1676.50 1.62360 98.4 ± 5.4    

- SPS2     108.1 ± 2.5    

AM-Mg-5Ca CC 54.59 1.62429 110.3 ± 4.2    

- SPS1 131.77 1.62366 79.3 ± 11.4    

- SPS2     96.3 ± 2.0    

AM-Mg-10Ca CC 15.07 1.62473 160.8 ± 3.3    

- SPS1 51.34 1.62396 65.0 ± 15.4    

- SPS2     135.7 ± 5.4    

MgTiZn CC     347 ± 25.2 

   

   

   

MgTiZn' CC     386.1 ± 65.2    

MgTiZn'' 
CC     315.3 ± 38.0     

SPS   452.5 ± 9.7 5.47 ± 1.02 98.18 ± 11.15  

Mg4TiZn' CC 

    

105.5 ± 41.4 

    

    
 

    
 

* - Sample had contamination with AR-WE43C powder.  
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Table 10.2b Results from x-ray diffraction and mechanical testing continued. 

 

 

Alloy Bulk 

Avg. 

Crystallite 

Size (nm) 

c/a 

Vickers' 

Hardness 

(HV) 

Hardness 

(GPa) 

Elastic 

Modulus (GPa)  

Mg4TiZn'' 
CC     310.6 ± 29.6     

SPS   408.3 ± 13.7 5.05 ± 0.89 100.75 ± 9.63  

Mg16TiZn' CC 43.66 1.6226 101.5 ± 34.7 

    

  
 

    

Mg16TiZn'' CC 25.63 1.6168 187.9 ± 4.6    
 

Mg16TiZnGe CC 24.34 1.6239 139.7 ± 37.3 

  
 

  
 

  
 

    

Mg16TiZnCaO CC 20.27 1.6136 190.4 ± 5.7 

    

  
 

  
 

    

MgAlTi CC 23.82 1.6378 230.8 ± 12.8 

  
 

  
 

  
 

Mg4(TiZnSn)3 CC 34.58   291.6 ± 10.4 

    

  
 

  
 

  
 

- SPS     276.4 ± 20.8    
 

Mg4(TiZnInSn)3 CC     141.2 ± 3.5 

    

  
 

  
 

  
 

    

Mg4TiInSn CC 45.83   168.3 ± 7.4 
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Table 10.2c Results from x-ray diffraction and mechanical testing continued. 

Alloy Bulk 

Avg. 

Crystallite 

Size (nm) 

c/a Vickers' 

Hardness (HV) 

Hardness 

(GPa) 

Elastic Modulus 

(GPa)  

Mg4(TiSn)3In2 CC 23.78   149.4 ± 12.8 

    

  
 

  
 

    

Mg10Sn2TiIn CC 13.45   166.3 ± 5.7 

    

  
 

  
 

    

Mg2LiAlTiSn CC 31.45   324.1 ± 63.6 

    

  
 

  
 

  
 

  
 

MgLiAlTiZnNbSn CC     342.2 ± 16.5 

    

  
 

  
 

  
 

  
 

  
 

  
 

- SPS     307.2 ± 51.3     

MgLiAlSiTiVCr CC     269.6 ± 13.9 

    

  
 

  
 

  
 

  
 

  
 

  
 

CaTZI CC 10.6 1.62797  2.90 ± 0.54 50.29 ± 3.97 

 

 

 

 

 

- SPS 44.99 1.62785  2.61 ± 0.21 55.35 ± 5.47  
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Table 10.2d Results from x-ray diffraction and mechanical testing continued. 

Alloy Bulk 

Avg. 

Crystallite 

Size (nm) 

c/a 

Vickers' 

Hardness 

(HV) 

Hardness 

(GPa) 

Elastic Modulus 

(GPa)  

ATZ CC 13.99 1.62061    

 

 

 

 

 

- SPS 34.59 1.62518  2.63 ± 0.31 44.18 ± 9.20  

AlCrCuNb CC        

 

 

 

 

 

 

 

AR-WE43C CC 346.72 1.62057 86.7 ± 2.8 1.42 ± 0.25 47.12 ± 7.57 

 

 

 

 

- SPS 477.19 1.62031 73.2  ± 1.8 1.41 ± 0.40 38.30 ± 18.89  

AM-WE43C CC 61.91 1.62324 81.1 ± 2.0 1.42 ± 0.53* 23.87 ± 11.93*  

- SPS 118.99 1.62352 56.6 ± 5.0 1.36 ± 1.19* 27.62 ± 7.19*  

AR-AZ91E CC 203.47 1.62515 115.9 ± 9.0 1.70 ± 0.43 67.06 ± 18.23 

 

 

 

 

- SPS 265.77 1.62622 71.3 ± 2.3 1.50 ± 0.33 38.42 ± 11.83  

AM-AZ91E CC 45.83 1.62402 151.8 ± 4.2 2.03 ± 0.07 48.45 ± 6.29  

- SPS 87.41 1.62449 159.5 ± 5.9 1.73 ± 0.35 39.35 ± 8.99  

* - Samples had multiple phases with vastly differing mechanical properties, the result in the 

table is an average.  
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Table 10.3. Corrosion potential and current densities for samples tested in Hanks’ Balanced Salt 

Solutions.  

Alloy Bulk 
Hanks' Balanced Salt Solution 

Ecorr (mV) icorr (µA/cm2) 

AR-Mg-5Ca 

CC -1543.356 ± 3.017 330.627 ± 36.196 

SPS1 -1518.239 ± 2.868 186.073 ± 26.841 

SPS2* -1590.370 3.175 

AR-Mg-10Ca 

CC -1529.721 ± 11.521 514.936 ± 65.302 

SPS1 -1577.520 ± 19.926 298.266 ± 124.835 

SPS2 -1560.544 ± 9.305 272.519 ± 100.773 

AM-Mg-5Ca 

CC -1527.094 ± 9.108 319.443 ± 40.691 

SPS1 -1542.913 7 6.139 483.872 ± 96.562 

SPS2 -1559.680 ± 4.067 473.725 ± 24.385 

AM-Mg-10Ca 

CC -1510.775 ± 4.555 147.429 ± 52.228 

SPS1 -1428.820 ± 33.270 120.246 ± 73.016 

SPS2 -1472.028 ± 18.865 148.739 ± 53.439 

MgTiZn'' SPS -923.326 ± 84.360 21.286 ± 9.612 

Mg4TiZn'' SPS -1037.379 ± 12.790 11.735 ± 3.906 

CaTZI SPS 
-1238.94 ± 6.35 21.46 ± 1.66 

AR-WE43C CC -1710.78 ± 31.58 7.37 ± 0.84 

AM-WE43C 
CC 

-1536.60 ± 17.83 456.93 ± 118.18 
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